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ABSTRACT

Parkinson’s disease (PD) is a neurodegenerativerddis characterized by a profound
loss of dopaminergic neurons from tlsabstantia nigra (SN). Among the many
pathogenic mechanisms thought to be responsibliévéodemise of these cells, dopamine
(DA)-dependent oxidative stress and oxidative damhbgs taken center stage due to
extensive experimental evidence showing that DAveer reactive oxygen species
(ROS) and oxidized DA metabolites are toxic to SNinons. Despite its being the most
efficacious drug for symptom reversal in PD, thereoncern that levodopa (LD) may
contribute to the neuronal degeneration and presgmesof PD by enhancing DA
concentrations and turnover in surviving dopamiitengeurons. The present study
investigates the potential neurotoxic and neur@uatote effects of DAIn vitro. These
effects are compared to the toxicity and neuroptote effects observed in the rat
striatum after the administration of LD and selegl (SEL), both of which increase
striatal DA levels. The effects of exogenous LD /an&GEL administration on both the
oxidative stress caused by increased striatal (H)rlevels and its consequences have

also been investigated.

6-Hydroxydopamine (6-OHDA) is a potent neurotoxised to mimic dopaminergic
degeneration in animal models of PD. The formatb®-OHDA in vivo could destroy
central dopaminergic nerve terminals and enhaneeptiogression of PD. Inorganic
studies using high performance liquid chromatogyapiith electrochemical detection
(HPLC-ECD) show that hydroxyl radicals can readhwbA to form 6-OHDAInN vitro.
SEL results in a significant decrease in the foromabf 6-OHDAn vitro, probably as a
result of its antioxidant properties. However, gx®@genous administration of LD, with or
without SEL, either does not lead to the formatéstriatal 6-OHDAIn vivo or produces
concentrations below the detection limit of theagsS his is despite the fact that striatal

DA levels in these rats are significantly elevafeso-fold) compared to the control

group.



The auto-oxidation and monoamine oxidase (MAO)-miedi metabolism of DA causes
an increase in the production of superoxide anianghole rat brain homogenata
vitro. In addition to this, DA is able to enhance theduction of hydroxyl radicals by
Fenton chemistry (Fe(lll)-EDTA/KD,) in a cell free environment. Treatment with
systemic LD elevates the production of striatalesagide anions, but does not lead to a
detectable increase in striatal hydroxyl radicaldoictionin vivo. The co-adminstration

of SEL with LD is able to prevent the LD inducesein striatal superoxide levels.

It has been found that the presence of DA or 6-OH®&ble to reduce lipid peroxidation
in whole rat brain homogenate induced by Fe(ll)-BIH,0, and ascorbate (Fenton
system). However, DA and 6-OHDA increase proteimaton in rat brain homogenate,
which is further increased in the presence of teetén system. In addition to this, the
incubation of rat brain homogenate with DA or 6-O&lls also accompanied by a
significant reduction in the total GSH content d¢fethomogenate. The exogenous
administration of LD and/or SEL was found to hawe detrimental effects on striatal
lipids, proteins or total GSH levels. Systemic LDRInanistration actually had a

neuroprotective effect in the striatum by inhibgtimon (1) induced lipid peroxidation.

Inorganic studies, including electrochemistry ahd terrozine assay show that DA and
6-OHDA are able to release iron from ferritin, aeni (lI), and that DA can bind
iron (lll), a fact that may easily impede the aahility of this metal ion for participation
in the Fenton reaction. The binding of iron (llly DA appears to discard the
involvement of the Fenton reaction in the increapeaduction of hydroxyl radicals
induced by the addition of DA to mixtures contamifre(ll)-EDTA and hydrogen
peroxide. 6-OHDA did not form a metal-ligand compleith iron (II) or iron (Ill). In
addition to the antioxidant activity and MAO-B imittiory activity of SEL, the iron
binding studies show that SEL has weak iron (Il¢lahng activity and that it can also
form complexes with iron (lll). This may therefdse another mechanism involved in the

neuroprotective action of SEL.



The results of the pineal indole metabolism stugigws that the systemic administration
of SEL increases the production of N-acetylseratdiNAS) by the pineal gland. NAS
has been demonstrated to be a potent antioxidarthdnbrain and protects against
6-OHDA induced toxicity.

The results of this study show that DA displaysaidant properties in relation to lipid
peroxidation and exhibits pro-oxidant propertieschysing an increase in the production
of hydroxyl radicals and superoxide anions, as \asllprotein oxidation and a loss of
total GSH content. Despite the toxic effects of DAvitro, the treatment of rats with
exogenous LD does not cause oxidative stress dabtxe damage. The results also show
that LD and SEL have some neuroprotective propertieich make these agents useful
in the treatment of PD.
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Literature Review

CHAPTER ONE

LITERATURE REVIEW

1.1 NEUROANATOMY

1.1.1 The Basal Ganglia

The basal ganglia represent one of the most impiostabcortical structures in the motor
circuit. It comprises theaudate nucleuandputamen which are together known as the
corpus striatum, together with the external andrimdl segments of thgdobus pallidus
(GPe and GPi, respectively), tlmibthalamic nucleusnd the two divisions of the
substantia nigrathe pars reticulate(SNpr) and thepars compactgSNpc) (figure 1.1)
(Connor, 1998; Alexander and Crutcher, 1990; Steith Stoodley, 2006).

Caudate
ucleus

Ventroanterior : h External | Globus
Thatamic } Ventrolateral - Internal pallidus
nurclel ) Pedunculopontine .
Centromedian nucleus
Subthalamic p
nucleus Vestibular
nucleus
Substantia
nigra
AFFERENT

EFFERENT

Figure 1.1: The structural components of the basal ganglia.

(http://www.benbest.com/science/anatmind/anatmadf)ht
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These brain regions represent processing centimsabely involved in the regulation of
movement. Striataf-aminobutyric acid (GABA) neurons form a majori§0(%) of the

final output of the striatum and comprise two opfosnd opposing GABA efferent
pathways, namely the “direct pathway” which pronsoteovement by disinhibiting the

motor thalamus and the “indirect pathway” whichibits movement (figure 1.2).

Motor and

—
Pre-motor

cortex

GABA

Thalamus
GABA

g "GABA.th;Ltancn 1;.
Dy norphin JJEIF;"I‘/
(o Sl e
Mo\ GPeJ_/_,»-"’ r 1
L v lutamate BASAL GANGLIA CIRCUITS

ularrle'h_ﬁ /'I rhxgﬁm ]
U/y&'nm ~®Subthalamic Em:!tator?f neurcns are
. Ehkaphalin \ nucleus depicted in biue.
4 — Inhibitory neurons arc
substantia Nigra, depicted in red,

pars compacta
Dopamine excites D1 and
inhibits DZ recepiors.

Figure 1.2: Schematic representation of the pathways througlbésal ganglia.

(http://medinfo.ufl.edu/year2/neuro/review/gang.Btm

In the direct pathway, the neocortex glutaminedgicaxcites theputamen This in turn
GABA inhibits (with substance P as the co-transnjtthe GPi and the SNpr. As a result
of this the normal GPi GABA inhibition of the thatas and reticular formation (RF) is
turned off. Any ongoing activity in the thalamusdamF is therefore facilitated,
promoting movement. In the indirect pathway, theaoetex glutaminergically excites
the caudateand this then GABA inhibits (with enkephalin as tcaasmitter) the GPe.



Literature Review

This inhibition prevents the GPe from GABA inhibig the subthalamic nucleus. This
excites (glutaminergically) the GPi and SNpr. Hentieese nuclei increase their

inhibition of thalamocortical and brainstem moveimsgistein and Stoodley, 2006).

Both the direct and indirect pathways receive ddpangic afferents from the SNpc
(William, 1998). This is the nigrostriatal dopamigie pathway which degenerates in
patients with Parkinson’s disease (PD), one of riiest common neurodegenerative
diseases. Dopamine (DA) acts as a neuromodulattireirstriatum, where it is released
from axonal terminals and in the SNpr where iteleased from pars compacta dendrites.
In the putamen it enhances glutamate signals flwencerebral cortex if these reach a
certain depolarizing threshold, but suppressesdradkd signals that do not reach this
threshold. DA therefore acts as a sort of neurileff by enhancing the recruitment of
appropriate movement programmes, while inhibitirglévant background noise. The
mechanism by which DA acts as a neural “filter” &, least in part, attributed to
excitatory O receptors that increase cAMP on the direct, fatdry pathway through the
striatum, but inhibitory B receptors that decrease cAMP on the inhibitorjhway via
the GPe. In PD, therefore, the lack of DA in theatim means that the direct route is
depressed and the in-direct route is facilitatele Tmain effect is therefore over-
inhibition of thalamic and reticular motor programsnby the GPIi, resulting in akinesia
(figure 1.3)(Stein and Stoodley, 2006).
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Figure 1.3: (A) Normal functional anatomy of the basal ganglrd dB) Pathological
functional anatomy of the basal ganglia. The asrpaint to the direction of the different
nerve tracts and the colors indicate the neurotnétess involved at each level. The
widths of the tracts are proportional to the sttkrgf the signal. Positive signs at the end
of a nerve tract indicate excitatory impulses arajative signs indicate inhibitory

impulses. (http://www.mdvu.org/library/disease/@/gath.htm)l
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1.2. OXIDATIVE STRESS

1.2.1 Introduction

Although aerobic organisms need oxygen for suryivalmany cases the use of oxygen
by these organisms leads to their slow demise. Bhigmown as the oxygen paradox
(Halliwell and Gutteridge, 1984). Oxidative stress the cytotoxic consequence of
oxyradical and oxidant formation and reaction witllular components. The oxygen
species that are typically linked to oxidative ssrare the superoxide anion radicad (Q
hydroxyl radical (¢*OH), hydrogen peroxide 4B}), nitric oxide (NOs) and peroxynitrite
(ONOQ). The collective term used for these chemical$rémctive oxygen species”
(ROS), however, some of these species are not neagtive in biological solutions
(Dawson and Dawson, 1996).

Levels of ROS in excess of the normal needs otétlemay indiscriminately damage the
structural and functional integrity of the cell.i$lhey do by directly modifying cellular
DNA, proteins and lipids, or by initiating radicathain reactions that can cause extensive
oxidative damage to these critical biomoleculeshé&lgh cells possess a variety of
antioxidant defense mechanisms against ROS, thisaaetimes be inadequate leading
to oxidative stress in which the production of R@&rwhelms the antioxidant defenses
of the organism (Cuet al, 2004). Oxidative stress can therefore be reghate an
imbalance between oxidative events and opposingxaaant defenses (Fahn and Cohen,
1992).
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1.2.2 Reactive oxygen species

The toxicity of oxygen has been attributed to therfation of toxic species generated by
the partial reduction of oxygen. These toxic spe@ee often referred to as reactive
oxygen species (ROS). The term ROS encompasse=aatlve oxygen species, both the
radical and nonradical species involved in thedtian and/or propagation of free radical
chain reactions (Dawson and Dawson, 1996). ROS$idiecthe superoxide radical {Q,
hydrogen peroxide (}0,) and hydroxyl radicals (*OH). Some of these specientain
unpaired electrons and are therefore referred feeagadicals (Halliwell, 1992).

1.2.2.1 Superoxide radical

The acceptance of a single electron by r@sults in the formation of the superoxide
radical (Q"). A major source of @ is the mitochondrial electron transport chain
(Reiter, 1998). The generation of superoxide rdsliaathe level of cytochrome c oxidase
is virtually nonexistent (Kowaltowski and Verce$B98). However, electron leakage to
molecular oxygen by intermediate electron carriarshe electron transport chain can
result in the monoelectronic reduction oft® O," (Halliwell, 1992). This may occur at
the level of NADH dehydrogenase or at the levelcoénzyme Q (Kowaltowski and
Vercesi, 1998). Once L has been produced it is readily dismutated to hyeino
peroxide by a group of enzymes that scavengec@lled the superoxide dismutates
(SOD) (Fridovich, 1989). SOD is considered an intgior antioxidative enzyme, since it
removes @ from cells (Reiter, 1998).

Superoxide radicals are also formed by the autdaixin of DA, epinephrine and
norepinephrine catalysed by transition metal i@m&l by the action of enzymes such as
indoleamine dioxygenase, tryptophan hydroxylase =sadthine oxidase (Cuet al,
2004).

Superoxide itself has limited reactivity towardslbgical substrates and the number of

molecular targets that are known to be sensitiv@,fcare small. In some circumstances
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the controlled generation of,Dcan be beneficial. Activated phagocytes produgé O
which plays an important role in the way bactenia engulfed and destroyed by these
cells (Colton and Gilbert, 1987). Monocytes, neplits, eosinophils and various
macrophages including microglial cells in the braie all capable of generatingO
(Coltonet al, 1994). Small amounts of,Dare also produced and released by other cell
types such as fibroblasts, lymphocytes and endathadlls during normal physiological
reactions. The © generated by these cells may play a role in theladgn of growth as
well as intercellular signaling (Halliwell, 1992).

Superoxide is capable of inactivating certain erzynsuch as creatine kinase in
mammals and some iron-sulphur proteins in bact&uigeroxide can also inactivate the
NADH dehydrogenase complex of the mitochondriakteta transport chaimn vitro
(Zhanget al, 1990). However, this has not yet been demormstiat vivo (Halliwell,
1992) The inappropriate mobilization of iron from ferntis another mechanism by
which Q" can cause damage to living systems (Williaehsl, 1974; Biemoncet al,
1984).

In solution, Q™ exists in equilibrium with the hydroperoxyl radiqggdlOOs¢). HOOsis a
much stronger oxidant than,Oand will directly attack polyunsaturated fatty i
(Bielski et al, 1983). HOO#s also more readily dismutated te®3 than is Q™ (Reiter,
1998).

1.2.2.2 Hydrogen peroxide

As already mentioned Dis readily removed from cells by its conversioroit,O, by
SOD. Other enzymes capable of generatingDHinclude L-amino acid oxidase,
glycolate oxidase and monoamine oxidase (Sies,)1@2d1these enzymes like the SODs

are also found in human tissues.

The main catabolic pathway for DA in dopaminerg&ve terminals is its deamination
by MAO, leading to HO, generation (Halliwell, 1992; Ogawa and Mori, 1996)has
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been proposed that an accelerated turnover of Dim@opaminergic nerve terminals of
Parkinson’s patients may lead to an increase 40@,kbroduction. This in turn could

accelerate the destruction of these dopaminergicons by giving rise to an increase in
reactive oxygen species beyond the ability of tteens antioxidant defenses to cope with
them. Similarly, the side effects of long term L{i20(LD) treatment could be caused by

excessive formation of #,and its conversion into more toxic species (Olant®@0).

H,0O; is known to be toxic to many systems, including tiervous system. However, its
toxicity is usually not attributed to ), itself (except in high concentrations), but rather
to the conversion of ¥, into highly oxidizing cell damaging radicals.,®} does not

gualify as a radical because it does not have apgited electrons (Halliwell, 1992).

Unlike O;" which is a charged moleculep® is electrically neutral. As a result of this
H,O, can diffuse through cell membranes more easily tha. Thus HO, can distribute
to sites that are distant from the site of its fation. Another hazardous aspect of the
H>O, molecule is that it is able to generate highly tisachydroxyl radicals (*OH) in the
presence of transition metal ions, most ofteA"F€he univalent reduction of 4, to
*OH by metal ions occurs via either the Fenton tieac(equation 1.1) or the Haber-
Weiss reaction (equation 1.2) (Imlast al, 1988; Halliwell and Gutteridge, 1990;
Yamasaki and Piette, 1991).

F&* + H,0, — Fe" + «OH + OH (Fenton reactich (Equation 1.1)

Fe catalyst
O, + H0,— *OH + OH+ O, (Haber-Weiss reaction) (Equation 1.2)

H,O, can be removed from cells by the action of two sypeenzyme, namely catalases
and selenium-dependent glutathione peroxidase,)(GPhe latter enzyme type is

probably more important in the brain due to the kxtivity of catalase in most parts of
the central nervous system (CNS) (Jetial, 1991).
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1.2.2.3 Hydroxyl radical

The «OH is probably not the only highly oxidizinggdue-damaging species formed
during the Fenton reaction (Bielski, 1991). Howevey formation is well established as
is its ability to react at great speed with almesery molecule found in living cells
(Halliwell and Gutteridge, 1989). The initial praziuof the reaction of bD, with F&*
may be an iron-oxygen complex referred tdexsyl which itself is highly oxidizing and
decomposes to yield «OH (Halliwell, 1992).

It is well known that as a result of its high reaty the «OH reacts with any molecule
within a few Angstroms of where it is produced,luging DNA, membrane lipids and
carbohydrates. Its estimated half life at 37 °Gnishe order of 1x18seconds (Reiter,
1998). As a result of this very short half-lifegtlirect action of the «OH is restricted to
molecules in the immediate vicinity of where itgenerated. The cytotoxic action of
*OH generated in mammalian cells almost always lie DNA damage (Cochrane,
1991). This DNA damage can occur in at least twgsw&irstly, the DNA damage may
be mediated by the reaction o§®with F&* and/or Clibound to molecules at or close
to the DNA, so that when «OH is formed it reactdshwthe neighboring nucleic acids
(Halliwell and Aruoma, 1989). Alternatively, DNA dege can be caused by an increase
in intracellular free calcium concentration brougbbut by oxidative stress. This in turn
leads to the activation of nuclease enzymes imtleéeus which results in the generation
of *OH and subsequent DNA damage (Orremiual., 1989).

Another destructive effect of «OH is its effects membrane lipids. The «OH radical is
capable of initiating the process of lipid peroxida by abstracting an allelic hydrogen
atom from a polyunsaturated fatty acid (PUFA). Timgurn can set off a free radical

chain reaction wherein lipid peroxidation is selpjpagating.
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1.2.2.4 Peroxyl radical

Peroxyl radicals (LOOe¢) are formed during the psscef lipid peroxidation. (Asanet
al.,1991). Peroxyl radicals can attack membrane p®tand in so doing can damage
receptors and enzymes. In addition to this they alan abstract hydrogen atoms from
PUFA and re-initiate the process of lipid peroxidiat(Halliwell, 1992). Vitamin E is the
premier scavenger of LOOe and is therefore refetoeds a chain breaking antioxidant
(Packer, 1994).

1.2.3 Molecular targets of oxidative stress

Oxidative stress can result in deleterious oxiamtbnumerous biomolecules e.g. lipids,
proteins and DNA. Hence, failure of some reseasckerfind lipid peroxides in injured
nervous tissue does not exclude the possibilitgxadative damage to other biomolecules
such as proteins and DNA (Orrenetsal, 1989; Cochrane, 1991).

1.2.3.1 Lipid peroxidation

The peroxidation of PUFAs is one of the major ouates of free radical-mediated injury
to tissue (Montineet al, 2002). PUFAs (those with two or more carbon-oardouble
bonds), such as arachidonic acid, are much morsitsento free radical attack than
saturated or monounsaturared fatty acids. Lipiebxidation of membrane PUFAs may
adversely affect membrane fluidity (usually decregls peameability (allowing ions
such as C4 to leak across the membrane), electrical poteraiad controlled transport
of metabolites across the membrane (&al, 2004). Peroxidation of PUFAs, mostly in
membrane phospholipids, generally has three weltiilged phases: initiation,
propagation and termination (Montieeal., 2002).

Various reactive species, such as *OH are capadbieit@ting the process of lipid
peroxidation by abstracting a hydrogen atom fromethylene group in a PUFA. The
abstraction of the hydrogen atom leaves behindrbooacentered radical (Le) in the

10
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membrane which then stabilizes by molecular regearent of the double bonds to the

conjugated diene form (equation 1.3).
lipid-H + radical— Le + radical-H (initiation) (Equation 1.3)

The most likely fate of the carbon centered radigslreaction with molecular oxygen to

form peroxyl radicals (equation 1.4).
Le + O, — LOOe (Equation 1.4)

Peroxyl radicals can then attack membrane protamsin so doing damage receptors
and enzymes. In addition to the damage producgqekbyxyl radical attack on membrane
proteins, the peroxyl radicals can also re-initiie process of lipid peroxidation by

abstracting hydrogen atoms from adjacent PUFAsaou 1.5).
LOOse + lipid-H — LOOH + Le (propagation) (Equation 1.5)

Lipid peroxidation is therefore extremely damagipgcause once initiated it is self-
propagating since the peroxyl radical can re-itetithe process (Reiter, 1998). This
means the abstraction of a single hydrogen atom &dUFA could set off a free radical
chain reaction in which most of the membrane lipads converted to hydroperoxides
(LOOH) and cyclic peroxides.

Transition metals, especially copper and iron ipnsmote lipid peroxidation in two
ways. First, they catalyse the formation of reactbxygen species capable of initiating
lipid peroxidation. Second, they catalyse the dguusition of lipid hydroperoxides to
peroxyl radicals and alkoxyl radicals which can gagate lipid peroxidation by
abstracting hydrogen atoms (Rikans and Hornbro®971 Halliwell, 1992). Other
products of these decomposition reactions inclugdrdtarbons, alcohols, ethers,
epoxides and aldehydes (Ceii al, 2004). Of these aldehydes, malondialdehyde and
4-hydroxynonenal have the ability to damage enzympeseins, receptors and DNA by

resulting in covalent modification (cross-linkingf)these molecules (Halliwell, 1992).

11
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Termination of the free radical chain reaction ipfd peroxidation is brought about by
reaction between the radicals themselves (equat®y or reaction between the radicals
and antioxidants (equation 1.7), giving rise tonaolical products or unreactive radicals.

Lipide + lipide — lipid-lipid  (termination) (Equation 1.6)

Lipide + Vit E — lipid + Vit Ee (scavenging) (Equation 1.7)

Figure 1.4 depicts the suggested mechanism faniti@ion and propagation of lipid

peroxidation.

v T W

Removal of If
(can occur at several
places in the chain)

Initiation

Minor reactions

l Molecular rearrangement

Attack on membrane proteins;
crosslinking if two radicals meet

(6] l Major reaction

‘ Attack on membrane proteins;
B’ —®»  reaction of two peroxyl radicals o
‘ cause singlet oxygen ( 102] formation.

Lipid peroxyl radical -
CHO; + CHO,” — =0

C-OH+ 10,

H abstraction from
adjacent membrane lipid

JH

Figure 1.4: An outline mechanism of lipid peroxidation (Guttgge and Halliwell,
1990).

12



Literature Review

1.2.3.2 Protein oxidation

The mechanism suggested for free radical inducetkior oxidation is shown in figure

1.5. Various reactive species, such as the hydoagkradical (HOOe) or the «OH are

capable of intiating the process of protein oxigiatpy abstracting a hydrogen atom from

a B-carbon. Abstraction of a hydrogen atom leavesrzkli carbon-centered radical in

the protein. The most likely fate of a carbon-cesderadicalin vivo is reaction with

oxygen to form a peroxyl radical. This free radicaly react with another peroxyl radical

to form a tetraoxide (Deasat al, 1997) which then breaks down to give an alkoxyl

radical and the corresponding side chain radicaltt@Bfield and Stadtman, 1997).

Cleavage of the peptide bond then results in themdton of carbonyl groups that are

often used as indicators of protein oxidation (Bditld and Stadtman, 1997).
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Figure 1.5: Formation of carbonyl groups in proteins followirfigee radical attack

(Hermida-Ameijeiraset al, 2004).
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The iron-mediated oxidation of proteins may beta-specific process, due to the fact
that proline, histidine, arginine, lysine and cysteresidues in proteins are highly
sensitive to iron-mediated oxidation (Stadtman,@9% is believed that Fé binds to

metal binding sites on the proteins, and that thglFprotein complex reacts with, B,

to yield an active oxygen species e.g. *OH, atsitee Protein oxidation can lead to the
conversion of some amino acids to carbonyl denwesti loss of catalytic activity, and
increased susceptibility of the protein to protéiolylegradation. It is important to note
that protein oxidation can also lead to proteinsstlinking in addition to peptide bond

cleavage via diamide eramidation pathways.

1.2.3.3 DNA oxidation

DNA can be modified by free radicals resulting ingee and double-strand breaks,
depurination/depyrimidation, or chemical modificati of the bases or the sugars
(Chevion, 1988). The species responsible for oiidiZDNA is believed to be <OH.
Similar to proteins, some researchers postulatetiigairon-mediated oxidation of DNA
may be a site specific process (Chevion, 1988etLal, 2001). Iron may bind to the
DNA, either to the phosphate backbone or to théenpuor pyrimidine bases where the
iron can serve as a center for repetitive formatibsOH resulting in modification of the
DNA (Giloni et al, 1981; Grollmaret al, 1985).

1.2.4 Antioxidant defense mechanisms

In order to survive in an oxidizing environmentya®c organisms must be equipped
with the necessary molecular tools to combat astlsame of the damaging effects
caused by excess ROS generation (Reiter, 1998psEXROS are usually inactivated by
endogenous or exogenous antioxidant molecules €Cal, 2004). An antioxidant is a
substance that even in low concentrations sigmflgadelays or reduces oxidation of a
substrate (Gutteridge, 1995). Antioxidants protettter chemicals of the body from
oxidation by lowering the local oxygen concentratiacemoving or reducing the

14
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concentration of species that initiate the oxidatprocess, such as ROS, chelating
transition metals that catalyse the oxidation reast interfering with the propagation
step of the oxidative process that spreads oxidatio neighboring molecules or by
enhancing the endogenous antioxidant defense® afeth(Cuiet al, 2004)

Enzyme antioxidants such as superoxide dismuta@D)Scatalase and glutathione
peroxidase (GP detoxify specific ROS after they are formed bgmde&ing them to less
harmful substances (equation 1.8, 1.9 and 1.1@otisply) (Cuiet al, 2004).

SOD
20, + 2H — H,0,+ O, (Equation 1.8)
Catalase
2H,O, — Oy + 2H,0 (Equation 1.9)
GP
H,0,+ 2GSH— 2H,0 + GSSG (Equation 1.10)

SOD provides a first line of defense against oxw@astress by catalyzing the dismutation
of superoxide radicals ¢O) to hydrogen peroxide @®,) and oxygen (g (equation 1.8)
(den Hartoget al, 2003). Hydrogen peroxide is not a radical bglftut is a precursor
of the highly reactive hydroxyl radical. Detoxiftcan of H,O, is carried out by both
catalase and GP Catalase converts,B,to oxygen and water (equation 1.9) and GPx
reduces HO, to water in the prescence of glutathione (GSH)ug&tiqn 1.10)
(Cuiet al, 2004). GRis more important for the detoxification ob®; in the brain since

the brain has reduced catalase activity (Bhagttd, 2002).

The preventative antioxidants act by chelating aaduestering transition metal ions,
such as iron and copper, which are needed foryzatgl the generation of reactive
radical species. Examples of preventative antioXslare transferrin, lactoferrin and
ceruloplasmin (Cuet al, 2004). Transferrin and lactoferrin bind iron soron bound to

these proteins is incapable of catalyzing free caldireactions (Halliwell, 1992).

Ceruloplasmin has antioxidant properties becausst mo all of plasma copper is
attached to this protein. These copper ions arefine also unavailable for participating

in the generation of reactive radical species (@idtje and Stocks, 1981). Isolated
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hemoglobin is degraded in the prescence M Hesulting in the release of catalytic iron
ions from the heme ring. Haptoglobins and hemopeaim therefore also be regarded as
preventative antioxidants since they bind hemogland heme respectively (Cei al,
2004).

The chain breaking or scavenging antioxidants nfgrthe chain reaction of oxidation
induced by reactive radical intermediates by regctvith these intermediates directly
and giving rise to products that are unable to pgape the chain further (Cet al,
2004). The main lipid soluble scavengers are vitaii(-tocopherol) ang-carotene
(Cui et al, 2004).Vitamin E (VE) is the principle scavengémeroxyl radicals (LOQ
involved in the propagation of lipid peroxidatiddacker, 1994). Studies have shown that
pretreatment of rats with vitamin E attenuates @rbyydopamine toxicity in these
animal models of Parkinson’s disease (PD) (Gilghef&i et al, 2001). The main water
soluble scavengers are ascorbic acid, uric aciiws thiols as well as bilirubin (Fret
al., 1988). Ascorbic acid has a variety of roles tbesithe regeneration of vitamin E
(Chan, 1993). It also acts as a scavenger of &dieals and inhibits the peroxidation of

phospholipids in membranes (Path, 1990).

Enzymatic and nonenzymatic antioxidant defenseesystdo not function independently
of each other but rather function co-operativelyhia form of a cascade (figure 1.6).
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1.2.5 Oxidative stress and the brain

1.2.5.1 Vulnerability of the brain to oxidative stress

The brain and the nervous system may be partigwatherable to free radical attack for
a number of reasons (Halliwell and Gutteridge, 19&Bel and Bondy, 1991). Some of

the most important reasons are summarized below.

1. Although the brain only makes up a small percents#igthe total body weight, it
consumes a relatively large amount of thenSpired and carries out the turnover
of large quantities of ATP at a high rate. Giveattbxygen-derived radicals are
toxic, it is not surprising that neural tissue nieydestroyed at a more rapid rate
than other organs (Reiter, 1998).

2. Neurons are non-replicating cells (Reiter 1998).y Alamage to neurons by
reactive oxygen species therefore tends to be atwel over time
(Cuiet al, 2004).

3. The membrane lipids in the brain are rich in pobatnrated fatty acid (PUFA)
side chains, which are particularly susceptiblérée radical attack. Free radical
attack on PUFA side chains can initiate the prooédipid peroxidation and once
underway the process is self-propagating (Sevaaria@nMcLeod, 1997).

4. Despite the high oxygen utilization by the bratnsinot well equipped to combat
oxidative attack. The brain has relatively low lisvef important antioxidative
enzymes (Savolainen, 1978; Bondy, 1997). The hesapoor in catalase activity
and has only moderate amounts of superoxide disay&OD) and glutathione
peroxidase (Halliwell, 1992).

5. Several areas of the brain (e.g. giebus pallidusandsubstantia nigraare rich
in iron. Unbound iron can serve as a catalyst aard generate free radicals via
either the Fenton reaction or the Haber-Weiss ima¢Sabrzadebt al., 1987).

6. The cerebrospinal fluid (CSF) has no significanhibinding capacity because it
has low levels of the iron binding protein, tramsfe (Halliwell, 1992). Iron
plays an important role in the brain (Youdim, 198&lliwell, 1992), especially
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with regard to learning and memory. It has alsonbaeggested that iron ions are
necessary for the correct binding of certain near@mitters to their receptors
(Youdim, 1988). A high content of brain iron mayetbfore be essential,
especially during development, however a consequehthis is that damage to
brain cells may release catalytic iron ions thah cdimulate free radical

generation.

7. There is a high concentration of ascorbic acichendgrey and white matter of the
brain. There are transport systems in the chorgidsdus and neural tissue, which
serve to concentrate ascorbic acid into brain @ltsthe CSF (Cuwat al,. 2004).

In the absence of transition metal ions ascorbid d@s well documented

antioxidant properties. However, mixtures of asatebwith iron or copper

generate free radicals. If catalytic iron were askd as a result of injury to brain
cells, endogenous ascorbate in the brain might shiemulate «OH formation in

the brain and the CSF (Halliwell 1992).

8. The release of excitatory neurotransmitters, sscyl@amate, induces a series of
events in the postsynaptic neuron, leading to #eeration of reactive oxygen
species such as NOe (Reiter, 1998).

9. Nitric oxide synthase (NOS) is widespread in bragsue (Hopeet al, 1991).
NOS is activated by calmodulin (Cet al, 2004). The interaction between NOe
and Q" to generate the peroxynitrite anion (ONP®as been suggested to be
involved in not only the normal metabolism of theuron but also in its
degeneration (Cwet al, 2004).

10. Melatonin is an important endogenous antioxidantdpced by the pineal gland.
Melatonin is a good scavenger of ROS. However, ¢becentration of this
protective neurohormone decreases with increagie@uiet al, 2004).

11.Dopaminergic neurons in theubstantia nigra pars compactéSNpc) are
particularly vulnerable to oxidative stress assuleof the ROS generated during
DA metabolism.

12.The blood brain barrier (BBB), although it prevemtany toxins from gaining
access to the CNS, it also restricts the entry mfimber of antioxidants into the
CNS (Reiter, 1998).
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1.3 PARKINSON'’S DISEASE

1.3.1 Introduction and clinical features

Parkinson’s disease (PD), first described by JaAaekinson in 1817 (Parkinson, 1817),
is the second most common neurodegenerative disfi@seAlzeimer’s disease, affecting
approximately 2 % of the population after 65 yedise mean onset of the disease is
around 60 years, with a mean duration of 13 yaduglieset al, 1993). Less frequently,
PD may have an onset below 40 years (Golbe, 19%¥) cardinal clinical features of PD
are resting tremor, rigidity, bradykinesia andtaidoss of postural reflexes.

Pathologically, PD is characterized by a progres&igs of neuromelanin-containing DA
neurons in thegars compactaf the substantia nigrawith intracellular proteinaceous
inclusions named Lewy bodies (Bluehal, 2001) and a reduction in striatal DA content
(Ehringer and Hornykiewicz, 1960). Other lesionsichs as degeneration of the
noradrenergic locus coeruleus (Greenfield and Bmpsety 1953), the dopaminergic
ventral tegmental area (Agidt al, 1990) and the ascending cholinergic from the
Meynert basalis nucleus (Caneiyal, 1983), were also observed.

A subclinical phase exists prior to the appearasfcED symptoms. During this phase,
striatal compensatory mechanisms (Agdal, 1990; Angladeet al, 1995), such as
sensitization of dopaminergic receptors (Agt al, 1990) and enhanced neuronal
activity occur. PD is therefore not clinically obuis before at least 50 — 70 % of the
dopaminergic neurons in tisebstantia nigra pars compac{8Npc) are lost, leading to a
greater than 80 % reduction in DA levels in theattim (Deumengt al, 2002). For this
reason the etiology of PD remains difficult to edth.
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1.3.2 Causative factors in PD

Despite numerous attempts at elucidation, the agfjolof PD remains unclear. It is
hypothesized that the cause of neurodegeneratiBDiis multi-factorial in terms of both

etiology and pathogenesis.

One theory states that nigral neurons are sendibvenvironmental contaminants that
inhibit mitochondrial complex | and lead to impairenergy metabolism (Orth and
Schapira, 2002). This theory arose from the disgogéa mitochondrial toxin, 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Langstet al, 1983), which produces
selective nigral neuronal death in human and animatlels (Gerlach and Riederer,
1996) and induces the motor symptoms associateld R (Langstoret al, 1983).
Figure 1.7 depicts a hypothetical mechanism by WM& TP exerts its neurotoxicity.
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Figure 1.7: Hypothetical mechanism of MPTP toxicity. MPTP cestshe BBB and is
transformed by glial monoamine oxidase (MAO) intd®Rl. MPFP leads to a major
inhibition of the respiratory chain but also to @edive stress, both triggering cell death
(Blum et al,, 2001).
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However, although MPTP and analogues, such ashyetraisoquinolines (Niwaet al.,
1987; Naoiet al, 1993) or other exogenous/endogenous compounésla@d and
Riederer, 1996), such as carbon monoxide (Ringglkdawans, 1972; Choi and Cheon,
1999), B-carbolines (Collins and Neafsey, 1985) or roten(@etarbetet al, 2000), can
produce dopaminergic lesions, none have been showe responsible for the majority

of PD cases.

The proteolytic stress hypothesis ascribes the dbssgral neurons in PD to the toxic
accumulation of misfolded and aggregated prote@fsparticular relevance to PD is
a-synuclein, a protein encoded by a gene mutatedrare early onset, familial form of
PD. Mutations ina-sunuclein and ubiquitin C-terminal hydrolase L1CW#FL1) have
been linked to autosomal-dominant PD and mutationgarkin to autosomal-recessive
PD. Parkin and UCH-L1 are key enzymes participaiimghe ubiquitin-proteasome
system (UPS), which is responsible for the degradatf ubiquinated proteins (Lirat
al., 2003). In addition to a defect in the UPS, pastem nigral tissue from sporadic PD
patients show a significant defect in the 20 Sgasbme, the primary cellular machinery
responsible for degrading non-ubiquinated protédsnlop et al, 2002). Blocking or
overwhelming the degradation of these proteins lead to cell death (Chunet al,
2001). Contribution of genetic mutations cannotlaixpsporadic and late-onset cases of
PD (Tanneet al., 1999).

Although the etiology of the degeneration in PDsisl ill-defined, there is growing
interest in the phenomena underlying the degemerairocess. In particular, oxidative
stress as a result of the highly oxidative intriadat environment within dopaminergic
neurons has been put forward as one of the majsesaof the nigral degeneration
(Lotharius and Brundin, 2002). The normal enzymaigradation of DA induces the
formation of HO, via MAO activity. The nonenzymatic auto-oxidatiah DA also
produces KO, and the formation of neuromelanin that potentidtgdroxyl radical
formation when it combines with iron (Fahn and Ggh&992; Jellingeet al, 1992;
Jenneret al, 1992). Finally, there is a decrease in cellstisssizing glutathione

peroxidase (Damiest al, 1993) in the vulnerable part of thebstantia nigrgSN).
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1.3.3 Evidence of oxidative stress in PD

Evidence of oxidative stress in PD is inferred g following findings:

1. Carbonyl modifications, which are indicative of f@o oxidation, are increased
2-fold in the SN of PD patients compared to theabamnglia and prefrontal
cortex of normal subjects (Floor and Wetzel, 1998).

2. The SN of Parkinsonian brains has a higher cordéntalondialdehyde (MDA)
(lic et al, 1999) and 4-hydroxy-2-nonenal (HNE) (Yoritala al, 1996),
adehydes generated during lipid peroxidation, caeg#o control brains.

3. Decreased levels of GSH localized to surviving nearhas been detected in the
SN of PD patients compared to age-matched confiP@arceet al, 1997; Sofiet
al., 1992) Furthermore, there is a significant inseem the levels of GSSG (the
oxidation product of GSH) in PD brains.

4. Mitochondria are damaged and oxidative phosphaoylais impaired (Ebadet
al., 2001; Shoffneet al, 1992).

5. Iron metabolism is impaired (Jellinget al, 1990; Riedereet al, 1989; Youdim
et al, 1993).

6. The levels of cysteinyl-catechols is increasechan$N during aging (Fornsteelt
al., 1989, 1990a) and even more so in PD (Fornstedal, 1989). Protein
crosslinking is also increased (Berlett and Stadni897), signified by the
presence of Lewy bodies (Lereyal, 1998).

7. Levels of 8-hydroxyguanosine, a nucleoside oxidgatjroduct, is increased
16-fold in the SN of PD brains compared to contr@anchez-Ramos., 1994;
Zhanget al, 1999).

8. Antibodies for catechol-modified proteins were fdun the serum of PD patients
(Roweet al, 1998).

9. A reduction in the CSF levels of superoxide disreatand glutathione reductase
was found irde novoParkinsonians (lliet al, 1999).
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1.3.4 Dopamine and PD

1.3.4.1 DA synthesis, storage, release, reuptakedametabolism

Tyrosine is usually the starting point in the biathesis of DA (figure 1.8). Tyrosine is
obtained from the diet and can also be synthesfraah dietary phenylalanine by
phenylalanine hydroxylase in the liver or by tyr@sihydroxylase in the DA neuron.
Tyrosine in the circulation is taken up into theaibrvia a low-affinity amino acid
transport system and then enters the dopaminemgicons by high- and low-affinity
amino acid transporters. The conversion of tyrosioeL-Dopa (LD), by tyrosine
hydroxylase is the rate limiting step in the biasysis of DA. Aromatic amino acid
decarboxylase (AADC) is then responsible for thevession of LD to DA (Elsworth and
Roth, 1997)

O/ COOH L- TYROSINE
OH

TH
{oxygen,
tetrahydrobiopterin)

COOH

-DOPA

HO I D L-DOPA
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{pyridoxal
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Ho CHg —CHQ_ NHQ
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Figure 1.8: Biosynthesis of DA. Enzymes involved are tyrosingdroxylase and
aromatic amino acid decarboxylase (AADC). Cofacforsthese enzymes are given in

parenthesis (Elsworth and Roth, 1997).
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In dopaminergic neurons, intracellular DA (0.1 -mM) (Jonsson, 1971) is efficiently
incorporated into vesicles for neuronal transmissithe arrival of an action potential in
the dopaminergic neuron results in a change in manebprotein conformation and the
subsequent influx of calcium ions. This is a keyt jgd the stimulus responsible for the
fusion of vesicles with the neuronal membrane. Bg process of exocytosis, DA
vesicles discharge their soluble contents intcstimapse (Kelly, 1993). The extent of DA

release is dependent on the rate and pattern odma&lfiring (Grace and Bunney, 1995).

In the synaptic cleft DA interacts with autoreceptoand postsynaptic receptors.
Autoreceptors are present on most parts of therdim@agic neurons and are responsive
to both dendritic and terminal DA release. Stimolat of autoreceptors in the
somatodendritic region decreases the firing ratin@fdopamine neurons and stimulation
of autoreceptors located on the DA nerve termimaishits the synthesis and/or release
of DA. DA also interacts with postsynaptig Bnd D} receptors. When stimulated, the D
receptors generally enhance adenylate cyclaseitgcand the D receptors inhibit
adenylate cyclase activity (Elsworth and Roth, 1997

DA action at the synapse is terminated predomiganylre-uptake into the presynaptic
terminal through the DA transporter, DAT. It haseh estimated that DA can be
concentrated 100- to 1000-fold by the transpoi@®rce back in the DA terminals, the

neurotransmitter can be repackaged into vesiclissv(Eth and Roth, 1997).
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The main enzymes responsible for the metabolisiDAfare

principle locations of these enzymes are showaliet1.1.
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shown in figure 1.9. The
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Figure 1.9: Main pathways of DA metabolism. Enzymes involve@ anonoamine

oxidase (MAO), catechol-O-methyltransferase (COMfghenolsulfotransferase (PST),

dopamine B-hydoxylase (DBH), N-acetyltransferase (NAT) andepylethanolamine

N-methyltrasferase (PNMT) (Nappi and Vass, 1998).

The relative abundance and activity of the enzynaey according to cell type, brain

region, and species being examined. These facteterndine the concentration of a

particular metabolite present under a given seooflitions. MAO and COMT represent

the two main catabolic enzymes affecting dopamicengurotransmission. The major

end product of DA metabolism in primate brain iscamugated homovanillic acid
(HVA), whereas in rat brain it is 3,4-dihydroxyplytacetic acid (DOPAC), and a
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significant amount of the DOPAC in the rat brainsidfate conjugated (Elsworth and
Roth, 1997). Rat and human phenolsulfotransfer@i®83) have different specificities,
with DOPAC having a higher affinity for rat brairBP than human brain PST (Rath

al., 1996). The major non-enzymatic route of DA metam involves its auto-oxidation

to toxic quinone and semiquinone species with treomitant generation of ROS.

Table 1.1:Principle locations of DA metabolizing enzymeshe striatum (Elsworth and
Roth, 1997)

Enzyme Subtype Cellular location Subcellulac#tion

MAO A Dopaminergic and Mitoodaoa

norepinephrine neurons

MAO B Glia and serotonin neurons Mitochdadr
COMT high Km Glia olGble
COMT low Km Postsynaptic to Membranesizb

dopamine neuron

PST M Postsynaptic to yt@solic

dopamine neuron
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1.3.4.2 Neurotoxicity of DA

DA has been implicated as an important vulnerabfiictor in PD because it has the
potential to induce oxidative stress, proteolytysfdnction and mitochondrial defects in

nigral neurons (figure 1.10).
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Figure 1.10: Hypothetical mechanism of DA toxicity. DA could imck dopaminergic
neuronal death by increased ROS production, dimubition of the mitochondrial
respiratory chain, and protein oxidation which nk@gd to proteolytic dysfunction and

protein aggregation (Blurat al, 2001).

1.3.4.2.1 DA-dependent oxidative stress

One possible endogenous source of free radicaleidegenerative processes underlying
PD may involve the MAO-mediated metabolism of DAdahe auto-oxidation of DA.
MAO activity could contribute to the neurotoxicitgf DA by producing HO, and
3,4-dihydroxyphenylacetaldehyde (DOPALD) (figure11), which are toxic to
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catecholaminergic neurons (Mattamnealal, 1995). The intracellular auto-oxidation of
DA generates bD, and DA quinone (DA-Q) (figure 1.11) (Grahaghal,, 1978; Sulzer
and Zecca, 2000). 40,, produced during the metabolism and auto-oxidatibBDA can
be converted to *OH by the Fenton reaction in thesgnce of ferrous iron (F2.
Hydroxyl radicals are highly reactive and are cadgaif reacting with virtually every

cellular macromolecule including proteins, lipideleDNA.

H,0+0, H,0,+ NH,
Horjv\ - @\ﬁ " 1
LA’ _p-
Ho™ NH, MCS Ho e HO 0
Dopamine DOPALD DOPAC
z
S HO NH,,
<]
X,
& HO
o S
Ll 1!
o NH, RHN COOR

0,",H,0,

L]

5-S-cysteinyl-dopamine

Dopamine guinone pond
P 9 derivatives

‘ Neuromelanin

Figure 1.11: Oxidation of DA by MAO or by auto-oxidation leads the production of
H,O,, which can be converted to *OH and lead to thelaiion of proteins, lipids and
nucleosides. Auto-oxidation of DA also results Ire tformation of DA-Q, which may

covalently modify proteins or be converted to neuetanin (Hald and Lotharius, 2005).

The electronegative nature of the ortho-oxygenshencatechol ring of DA-Q, and the
electron-deficient and unstable aromatic ring coafpositive charge to positions 2 and 5
of the ring. This facilitates nucleophilic attack $ulfhydryls (Katoet al, 1986; Monkset
al., 1992), which are present largely in GSH, cystemn in proteins. DA-Q binding to
cysteinyl groups in proteins leads to a loss otgrofunction (Hastings and Zigmond,
1994; Stadtman, 1992), while binding to GSH leamishie cellular depletion of GSH,

resulting in an inadequate cytoplasmic antioxidaatl. DA-Q has been shown to inhibit
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glutamate and DA transporter function in synaptaserBerman and Hastings, 1997),
inhibit tyrosine hydroxylase (TH) in cell free sgsts (Kuhnet al, 1999), and promote

H* leakage from mitochondria resulting in uncouplwigrespiration to ATP synthesis

(Berman and Hastings, 1999; Khetnal, 2001).

DA-Q can further undergo internal rearrangementwhich the aminoalkyl chain
cyclizes, forming aminochrome. This reaction candagalysed by oxygen (Graham,
1978; Senotlet al, 1959a), F&, cytochrome P450 (Segura-Aguilar, 1996), prostatjta

H synthase (COX-1 and -2) (Hastings, 1995), lactmyadase (Segura-Aguilaet al,
1998), xanthine oxidase (Foppat al, 1997), tyrosinase (Korytowslat al, 1987),
ONOQO, NO- (LaVoie and Hastings, 1997, 1999) and perleaesn Q™ and +OH (lto and
Fujita, 1982; Nappet al, 1995; Spenceet al, 1995). The one-electron reduction of
aminochrome has been proposed to be one of thernsajrces of endogenous
generation of ROS involved in the degenerative @gedeading to PD (figure 1.12) (Baez
et al, 1995; Parigt al, 2001; Segura-Aguilaat al, 1998, 2001).

The one-electron reduction of aminochrome inducesiratoxicity by generating

leukoaminochrome o-semiquinone, an endogenous timdequation 1.11).
Aminochrome + NADPH- Leukoaminochrome-o0-SQ- (Equation 1.11)

The toxicity of leukoaminochrome-o0-SQe¢ depends wnhigh reactivity with oxygen
(equation 1.12), which generates a redox cyclinghwioncomitant formation of
intracellular ROS and the depletion of NADPH (figur.12, reactions 3 and 4)
Leukoaminochrome-0-SQ¢ +,6» Aminochrome + @ (Equation 1.12)

The preceding two reactions tend to continue INADPH is fully consumed, or until O
is depleted (Segura-Aguilat al, 1998). The @ formed during this redox cycling is

converted to KO, by SOD. HO, can then generate the extremely toxic *OH via the

Fenton reaction of Haber-Weiss reaction.
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Figure 1.12: Possible mechanism of toxicity involved in the ateetron reduction of

aminochrome (Arriagadet al, 2004).

1.3.4.2.2 Linking DA to mitochondrial dysfunction

The reduced complex | function associated with BEhépira, 1994; Sheret al, 2002)

may be dependent on DA. As mitochondrial protemesrech in sulfhydryl moieties, it is
not surprising that oxidized catechols, such asibit mitochondrial complex | (Ben-
Shacharet al, 1995; Morikaweet al, 1996; Przedborslat al, 1993), promote opening
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of the mitochondrial permeability pore, uncouplaedative phosphorylation and result in
mitochondrial swelling (Berman and Hastings, 19997 has been shown to inhibit
complex | when injected into the brain ventriclésais (Ben-Shachaat al, 1995). This
toxic effect may be due to.B, formed during DA metabolism or by 7-(2-aminoethyl)
3,4-dihydro-5-hydroxy-2H-1,4-benzothiazine-3-candox acid (DHBT-1), an oxidation
byproduct of 5-S-cysteinyl-dopamine, which has bskown to inhibit mitochondrial
complex | in isolated mitochondria (Li and Dryhyr$997). In addition to this, rotenone
only exerts its toxicity in dopaminergic neuronthaligh it inhibits complex | throughout
the brain. This suggests that dopaminergic neutmage an intrinsic sensitivity to

complex | defects (Sheret al, 2002).
1.3.4.2.3 Linking DA to defective proteolysis

Sulfhydryls tend to bind covalently to the catechiolg of DA at positions 2 and 5
(equation 1.13) (Itet al, 1988; Katcet al, 1986).

DA-Q + cysteine — 2-cysteinyl-DA [1 part] + 5-cysteinyl-DA [6 partsh
2,5-dicysteinyl-DA [minor] (Equatidnl3)

Cysteinyl-DA is more-readily oxidized to the o-gaidal form than the parent catechol
(Monkset al, 1992; Shert al, 1996). This process accounts for crosslinkingristein,
with additional loss of function and eventual appeae of protein aggregates such as

Lewy bodies in Parkinson’s disease (Tran and Mill&99).

DA has been shown to form covalent adducts wisynuclein. This synaptic vesicle
protein of unknown function has a greater tenddn@ggregate when oxidized (Giasson
et al, 2000). The formation of covalent, oxidative ackdubetween DA and-synuclein
promotes the retention efsynuclein as a protofibrillar species (Conwatyal, 2001).
Protofibrillar a-synuclein is, in turn, capable of permeabiliziygthetic vesicles (Volles
et al, 2001) potentially leading to a leakage of DAnfrgynaptic storage sites. Mutation

in a-synuclein, which also increases protofibril format(Conwayet al, 2000), could
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therefore result in increased cytoplasmic levelDAfand DA-dependent oxidative stress
in some familial forms of PD. Studies using cultuireuman dopaminergic neurons
suggest that mutantsynuclein triggers an elevation of cytoplasmic [@Xjdative stress
and DA-dependent toxicity (Lothariust al, 2002; Xuet al, 2002). DA-dependent
oxidation of intracellular targets likei-synuclein, which could be important for
neurotransmitter storage, may explain the selestiveerability of dopaminergic neurons
in PD (Lotharius and Brundin, 2002).

1.3.5 Iron and PD

A major role for iron in the pathogenesis of PBugpported by several findings:

1. Levels of iron are increased in PD brains compévexte-matched control brains.

2. The region of iron accumulation co-localizes witle region of degeneration, i.e.
the SN. Iron levels in the SN are increased by @pprately 35 % in PD brains
compared to age-matched control brains (Deattail., 1989a; Sofiet al, 1988).

3. Iron has the ability to enhance the production@feand other ROS resulting in
oxidative stress, the most likely cause of dopangieecell death in PD.

4. Iron has been demonstrated to interact witfsynuclein, resulting in its
aggregation and suggesting a role for iron in Lavogy formation, a major
pathological hallmark of PD (Kaur and Andersen, 200

Addtionally, what gives further credence to theerof iron in the pathogenesis of PD is

the protection afforded by iron chelators in vas@aradigms of the disease.

1.3.5.1 The iron paradox

The unique physicochemical properties of iron mékan essential component in an
enormous array of biological processes. Dependimthe environment, it is capable of

not only varying its oxidation state but also itectron spin and redox potential (Kaur
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and Andersen, 2002). Iron therefore has an enorroapacity to serve multiple roles in
vital biochemical reactions. However, if not appiagely shielded, ferrous iron can
participate in one-electron transfer reactionsilegdo the production of extremely toxic
free radicals, particularly via the Haber-Weiss &mhton reactions (Comporti, 2002).
Intracellualr iron levels are therefore stringentggulated as a labile iron pool (LIP)
which provides enough iron for vital iron-dependbitichemical reactions but limits the

availability of iron to participate in free-radicgénerating chemistry.

An example of this “iron paradox” exists within tlepaminergic neurons of the SN. The
enzyme tyrosine hydroxylase, which synthesizes p@¢@LD) from tyrosine requires
Fe* as an essential co-factor. The conversion of tyeoso LD is normally the rate
limiting step in the biosynthesis of DA (ElsworthcaRoth, 1997). However, iron also
promotes the auto-oxidation of DA in SN neuronsasing HO, in the process (Ben-
Shacharet al, 1995), the precursor to the highly reactive aoxic «OH. Iron also
catalyses the conversion of excess DA to neuronmelaan insoluble black-brown
pigment that accumulates in all dopaminergic nesiwith age in humans (Sulzer al,
2000). Neuromelanin is usually neuroprotective seguesters redox active metals in the
cell with a high affinity for F&. However, when bound to excess’Feeuromelanin
tends to become a pro-oxidant reducing’feck to F&", which is then released due to
weak affinity (Ben-Shachaet al, 1991). This increases the LIP and the fractibmam
available for reacting with ¥, to produce *OH. Dopaminergic neurons must therefore
regulate iron levels very stringently to keep temeration of «OH under check without

compromising DA synthesis.

1.3.5.2 Sources of iron for free-radical generatinghemistry

In mammals, iron is absorbed from the gut and oatgis from food and beverages we

consume that are fortified with iron (figure 1.13).
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Figure 1.13: Schematic representation of iron absorption in r@rsabjects (Crichtoet
al., 2002).

Iron is taken up from the gastrointestinal trackT)Gas either heme iron or nonheme iron.
The uptake of heme iron across the apical membddrie intestinal mucosal cell
involves a specific heme receptor on the apical brame of the cell (Grasbeek al,
1982). Its iron is then released by the action efmbd oxygenase as Fge with
concomitant production of porphobilinogen and C@dR and Yeh, 1999). Nonheme
dietary iron seems to cross the brush border mambedter reduction by duodenal ferric
reductase, Dcytb (McKiet al, 2001). The F& is then transported into the intestinal cell
by the divalent metal transporter 1 (DMT-1). Withire intestinal cell, F& derived from
both heme and nonheme iron enters a low molecuéaghw iron pool. This iron can
either be stored in ferritin within the mucosalla@ be transported to the basolateral
membrane. The diffusion of Feacross the basolateral membrane is facilitated by
IREG1, a transmembrane iron transporter proteinKiglet al, 2000). Hephaestin, a
membrane bound protein facilitates the oxidatiofréf to FE* in order to allow rapid

binding of iron to tranferrin in the plasma (Vulpeal, 1999).
Transferrin delivers iron to cells expressing tfarmn receptors (figure 1.14.). The

bilobal transferrin molecule binds 2 moles of Fper mole of protein with very high

affinity at pH 7.4. Diferric transferrin binds tasireceptor at the cell surface and the
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transferrin-transferrin-receptor complex is theteinalized in clathrin-coated vesicles.
The vesicles then lose their coat and fuse wittosohes. The interior of the endosomal
compartment is maintained at pH 5.5 which faciisathe release of iron, as*Férom
the transferrin-transferrin-receptor complex. The&" s then reduced to Eeprior to its
transport out of the endosome by DMT-1. The unldalansferrin is ejected from the
cell and the F& released from it can be used for the synthesimtoéicellular iron

proteins. Excess iron is stored in the proteintiar(Crichtonet al, 2002).
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Figure 1.14: The transferrin cycle. Delivery of iron to cells Imansferrin (Zecca and
Youdim, 2004).

Transferrin is resistant to damage by (H,O, and other oxidants, and the iron bound to
this protein will not catalyze free radical reaoBo(Aruoma and Halliwell, 1987). By
contrast, some iron can be reductively mobilizeairfrferritin by Q™ and by radicals
generation during lipid peroxidation (Biemowrd al, 1986; Bolann and Ulvik, 1990).
Iron catalytic for Fenton chemistry appears to ailable within cells, both as a labile

iron pool and as iron releasable from ferritin.

36



Literature Review

1.3.5.3 Iron and protein aggregation

One of the primary neuropathological criteria focanfirmed postmortem diagnosis of
PD is the presence of intracytoplasmic filamentogtisions known as Lewy bodies and
Lewy neurites in some surviving dopaminergic nigngurons (Kaur and Andersen,
2002). The major fibrillar material of these indtuss isa-synuclein. Mutations in the
gene for a-synuclein cause a form of familial PD, suggestifgt alterations in
a-synuclein may be involved in the pathogenesishefdisease. Hashimoa al (1999)
demonstrated that iron-induced oxidative stressreault in aggregation af-synuclein

in vitro. Further studies by Osterova-Gattsal (2000) carried out in neuroblastoma cells
over-expressing either wild type or mutamtsynuclein demonstrated that iron in
combination with other free radical generators atates the formation of intracellular
aggregates containing bottasynuclein and ubiquitin. A study by Munéht al. (2000),
demonstrated that advanced glycation end-produtsskers of iron-induced oxidative
stress, were found to promote crosslinkinguefynuclein in the brains of patients with
incidental Lewy body disease, generally viewed@ad pre-Parkinsonian patients. Golts
et al (2002) demonstrated the presence of iron-indadtedations in the fluorescence of
the four-tyrosine residues af-synuclein, suggestive of iron-related conformadion
changes which could eventually lead to protein eggtion. These studies link iron to a
major pathological hallmark in PD and gives furtiseedence to the role of iron in the

pathogenesis of PD.
1.3.5.4 Iron and endogenous neurotoxin formation

Researchers have hypothesized that under conditbdnshronic oxidative stress, a
diversion of DA metabolism towards aberrant oxiatroutes may be induced. A new
mechanism of DA toxicity has been proposed basedhan concept. Pezzellat al
(1997) reported that products of lipid peroxidatitimat are increased in PD brain, can
convert DA to 6-hydroxydopamine (6-OHDA), a potaeturotoxin. 6-OHDA is able to
elicit selective destruction of peripheral and cantcatecholinergic neurons via
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spontaneous oxidative conversion to potentiallyidcdkopaminergic quinone species.
Oxidation of DA in the presence of ferrous iron aersirated that this neurotransmitter
can also be converted to 6-OHDA by «Q@Hvitro. It has been postulated that DA may
also be converted to 6-OHD#A vivo, perhaps amplifying the neurodegenerative events

that eventually lead to dopaminergic cell deathpdiganoet al., 1999).

1.3.6 Neurotoxicity of 6-OHDA

6-Hydroxydopamine is a common neurotoxin used tpearentally model nigral
degenerationn vitro as well asin vivo. It was originally isolated by Senoh in 1959
(Senoh and Witkop, 1959a,b; Senehal, 1959a,b). Its biological effects were first
reported by Porteet al (1963, 1965) and Storet al (1963), who demonstrated that
6-OHDA induces norepinephrine (NE) depletion in sidonomic nervous system of the
heart. Shortly thereafter, several studies dematestrthe ability of 6-OHDA to destroy
sympathetic nerve terminals (Thoenetnal.,, 1967; Tranzer and Thoenen, 1967, 1968;
Thoenen and Tranzer, 1968).

6-OHDA is unable to cross the BBB and destructiboemtral catecholamine neurons by
this neurotoxin can only be achieved by direct aoérebral administration. In

experimental models of PD, 6-OHDA is preferentiatljected into the striatum, SN or

the ascending medial forebrain bundle, destroyilgyah dopaminergic neurons and
depleting striatal DA, thus reproducing the physiblogical features responsible for
motor impairments in PD (Blurat al, 2001)

Some evidence exists that 6-OHDA may be a physicdbgendogenous neurotoxin.
Several studies demonstrated the presence of 6-OlCbth rat (Senoh and Witkop,
1959a,b; Senobkt al, 1959a,b) and human brain (Curtietsal., 1974) as well as in the
urine of patients with PD (Andrewt al, 1993). Nigral dopaminergic neurons contain
significant amounts of DA, iron and,8,. A non-enzymatic reaction between these
elements may generate 6-OHDAVvivo (Slivka and Cohen, 1985; Jellingetral, 1995;
Linertet al, 1996).
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The ability of 6-OHDA to mimic PD is reinforced lilge fact that ROS generation and

mitochondrial defects are induced by this neuratgikgure 1.15).
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Figure 1.15:Hypothetical mechanism of 6-OHDA toxicity (Bluet al, 1991).

Similiarly to DA, 6-OHDA could induce catecholamige cell death by the generation
of ROS during intra- and extracellular auto-oxidati HO, formation induced by MAO
activity or via direct inhibition of the mitochondt respiratory chain.

Studies by Glinka and Youdim (1995) and Glinkaal (1996, 1998) suggest that
6-OHDA directly targets the mitochondrial respirgtehain and inhibits complex | in
isolated brain mitochondria. This could result imepletion of ATP production by the

mitochondria and subsequent cell death.

6-OHDA, like DA is a substrate for MAO (Breese ahdhylor, 1971; Karounet al,
1993). The enzymatic degradation of 6-OHDA by MA@refore gives rise to .. In
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addition to this, under physiological conditionsO6IDA undergoes a very rapid and
nonenzymatic auto-oxidation (Heikkila and Cohen/2Z;%eitzet al.,, 2000; Soto-Oteret
al., 2000) which generates several toxic speciesidieg quinones (Saner and Thoenen,
1971), Q7, H,O, and *OH (Cohen and Heikkila, 1974). The greateotoyicity of
6-OHDA compared to other catecholamines, includdW, is directly related to its

higher rate of auto-oxidation compared to thesepmmds.

The formation of ROS by 6-OHDA may also be amptifley iron. Indeed, iron levels are
increased in the striatum and SNpc following 6-OHDf&ction (Hallet al, 1992; Heet

al., 1996; Oestreicheet al, 1994). The contribution of iron to the neurottyi of
6-OHDA is also suggested by studies showing that chelators are able to prevent
some of the deleterious effects of 6-OHDA (Boriseekal, 2000). Studies have shown
that 6-OHDA is able to reduce and release irorf65 from the main intracellular iron
transport protein, ferritin (Jameson, 2004). Thiseases the size of the LIP and also the

guantity of iron available for the generation of 8@a Fenton chemistry.

The 6-OHDA-induced oxidative stress reduces cellatdioxidant capabilities (Kumaat
al., 1995), impairs intracellular redox potential ukgion (Shirageet al, 1993), causes
lipid peroxidation as demonstrated by an increas® DA (Kumar et al, 1995) and
results in oxidative damage to DNA (Bruchetital, 1991; Geet al, 1992).
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1.3.7 Treatment of PD

1.3.7.1 Levodopa (LD)

1.3.7.1.1 Introduction

In 1960, Ehringer and Hornykiewicz analysed 31Hresins from neurologically normal
adults, Huntington’s disease, postencephaliticipadnism, extrapyramidal symptoms of
unknown etiology, and idiopathic PD, and concludbdt a significant striatal DA
deficiency (approximate 90 % loss of striatal DA3saspecific for Parkinson syndrome
Ehringer and Hornykiewicz, 1960). Based on thiseoiation, one year later Birkmayer
and Hornykiewicz confirmed their earlier predictiomporting that intravenous LD, the
immediate precursor of DA, resulted in dramatic iayement of PD symptoms in 20 PD
patients (Birkmayer and Hornykiewicz, 1961). LD shbhecame the first scientifically
designed drug for the symptomatic treatment ofrargh, progressive, neurodegenerative
disease (Rajput, 2001).

1.3.7.1.2 Pharmacology

1.3.7.1.2.1 Indications

LD is indicated for the treatment of PD, but not fdrug-induced parkinson-like
symptoms (Gibbon, 2003).
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1.3.7.1.2.2 Mechanism of action

LD is converted by neuronal aromatic L-amino acatatboxylase (AADC) into DA,
hence restoring DA levels in the striatum and imprg the symptoms of PD (Cannazza
et al, 2005). However, the effectiveness of LD declingh time (Rajput, 2001). LD is
usually administered with a peripheral decarbog/lashibitor, e.g. benserazide or

carbidopa to prevent the peripheral conversion@tda DA.

1.3.7.1.2.3 Adult dosing

Oral treatment with Madofias 25 mg(benserazide)/100 mg(LD) eight hourlyréased
by 25/100 mg weekly until the desired responseh&ioned. Usual effective range is
100/400 or 200/800 mg/day (Gibbon, 2003).

Alternatively the oral treatment with Sineffiés 25 mg(carbidopa)/100 mg(LD) eight
hourly, increased by 25/100 mg every day or altermky until the desired response is
obtained or a daily maximum of 200/800 mg/day iacheed. Alternatively, the patient
may take 12.5 mg(carbidopa)/100 mg(LD) once or éwdaily, increased gradually by
12.5/125 mg every day or alternate day until theirdd response is obtained or a
maximum of 200/2000 mg/day is reached (Gibbon, 2003

1.3.7.1.2.4 Drug interactions

Pharmacologic doses of pyridoxine enhance the extearal metabolism of LD and may
therefore affect its therapeutic effect. LD shouldt be given to patients taking
monoamine oxidase inhibitors (excluding selegilin®) within 2 weeks of their
discontinuance, because such a combination cantéeachypertensive crisis (Aminoff,
2004). Antipsychotic drugs such as phenothiazinesl @ather antidopaminergic

antipsychotic agents should be avoided. The likeith of orthostatic hypotension is
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increased when LD is administered with antihypesiten agents, such as methyldopa,
particularly in the elderly (Gibbon, 2003).

1.3.7.1.2.5 Adverse effects

Response fluctuations become frequent with longrt&D treatment (Rajput, 1984;
Cedarbaum, 1991; Chasetal, 1993). The most common motor response fluctnatare
characterized by a predictable worsening at theoéradLD dose, known as wearing off,
and an unpredictable short-duration worsening atedlto the LD dose, known as “on-
off” phenomenon (Chaset al, 1993; Rajput, 2001). The most common late motor
adverse effect associated with long-term LD treatnie dyskinesia (Cedarbaum, 1991;
Rajput, 2001). The pathophysiology of these motnglications has not as yet been
elucidated. Other common adverse effects are gatgstinal (GIT) symptoms, such as
nausea and vomiting (in about 80 % of patientsprexia, peptic ulceration and GIT

bleeding and psychiatric disturbances, such asoneness and anxiety (Gibbon, 2003).

1.3.7.1.2.6 Pharmacokinetics

Levodopa is rapidly absorbed from the small intestbut its absorption depends on the
rate of gastric emptying and the pH of the gastantents. Food, especially protein will
delay the appearance of LD in the plasma. Plasmeertrations usually peak 1-2 hours
following an oral dose and the plasma half-lifaissially 1-3 hours. Unfortunately, only
about 1-3 % of the LD actually enters the brainltened, the rest being metabolized
extracerebrally. LD is metabolized both centralhg geripherally (in the liver, kidneys,
plasma and intestinal wall) to DA. The bioavailapiof LD is enhanced by a peripheral
decarboxylase inhibitor, such as benserazide armdogoa, which inhibits the peripheral
metabolism of LD to DA. LD is excreted in the uringainly as DOPAC and HVA
(Gibbon, 2003; Aminoff, 2004).
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1.3.7.1.3 Neuroprotective potential of LD

The ease at which catechol containing compounds) as LD and DA are oxidized,
immediately brings to mind the potential for thesenpounds to act as antioxidants. By
becoming oxidized, in place of some other importaimmolecule, catechols can be
viewed as cell protectors. Several studies havershibat LD and DA have an inhibitory
effect on lipid peroxidation induced under varioesperimental conditions in brain
homogenates (Zaleska and Floyd, 1985; Dosteral, 1991; Yen and Hsieh, 1997),
liposomes (Spenceat al, 1996), and linoleic acid (Liu and Mori, 1993). dats with a
unilateral 6-OHDA lesion, LD did not increase <Otbntent of the nigrostriatal
dopaminergic system (Campt al, 2000). Catechols are excellent free radical
scavengers, however it should be noted that duhisgscavenging activity, the catechol
compound is converted to oxidized products, i.enigainone radicals and quinones.
These products may also be toxic to other biomdds¢such as proteins (let al,, 1988;
Bootset al, 2002). LD and DA therefore have both neuropiibtecpotential and toxic

potential.
1.3.7.1.4 Neurotoxic potential of LD

Exogenous LD, although primarily metabolized to @/so undergoes auto-oxidation
(Basmaet al, 1995). There is increased DA turnover in thevisimg dopaminergic
neurons and, hence, an accumulation of LD and DAabudites in the brains of PD
patients (Bernheimer and Hornykiewicz, 1966; Rajmit al, 1997). Quinones,
semiquinones, $D,, and other oxyradicals released during the meistbohnd auto-
oxidation of LD and DA are believed to be toxictte SNpc neurons. Exogenous LD,
which provides symptomatic benefit for PD patiemtsght also accelerate SN neuronal
death.

Severalin vitro studies have demonstrated the cytotoxicity of lid ®A to a variety of

neuronal and non-neuronal cells. DA and LD werst fiound to be toxic to melanoma
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cells, which have a high level of melanin and tymase (Wick, 1979; Wick, 1980). The
toxicity of LD and DA has also been found in dopaengic neurons (Michel and Hefti,
1990), sympathetic neurons (Ziet al, 1994), PC 12 cells (Offert al, 1997,
Walkinshaw and Waters, 1995), striatal neurons (L1898; McLaughlinet al, 1998),
neuroblastoma cells (Graham, 1978), SN neuroblastoybrid cells (Zhangt al, 1998),
cortical cells (Hoytt al, 1997), and thymocytes (Offern al, 1995). The metabolites of
DA and LD may account for this cytotoxicity. Thetawxidation of these compounds

may also be responsible for the observed cytottyxici

Despite thesen vitro studies, very few studies have investigated thbtyalof LD to
cause oxidative stress and oxidative damageivo. Smith et al. (1994) demonstrated
that when LD was added to the microdialysate, @id content of the effluent from the
rat SN increased in a concentration dependent maand this was increased further by
inhibition of mitochondrial complex | activity. Thenechanism of LD induced <«OH
formation appears to relate to the conversion ofte DA, since carbidopa prevented LD
(0.1mM; IuM min™)-induced «OH formation in the striatum (Obata aridmanaka,
1996). When DA is injected into the striatum, cysgeDA complexes were found
(Hastingset al, 1996) and cell death was prominent (Filloux @&o@nsend, 1993).

1.3.7.2 Selegiline (SEL)

1.3.7.2.1 Introduction

Monoamine oxidase B (MAO-B) is a predominantly beazyme in the brain. The age-
related loss of neurons, substituted by glial ¢cdiémds to a significant increase in
MAO-B activity. This, in turn significantly contrides to the decline of brain

dopaminergic activity with the passing of time (KIn@995). SEL was the first selective
inhibitor of MAO-B to be described (Knoéit al, 1965; Knoll and Magyar, 1972). It is
the internationally used reference substance agaihich new MAO-B inhibitors are

measured. The inhibition of MAO-B by SEL retards threakdown of DA and enhances
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and prolongs the antiparkinsonism effect of levad¢glowing lower doses of LD to be
used). In addition to this, SEL may also help tduee mild on-off and wearing-off

phenomena associated with LD therapy (Aminoff, 2004

1.3.7.2.2 Pharmacology

1.3.7.2.2.1 Indications

SEL is used as adjunctive therapy for PD patieritis avdeclining or fluctuating response
to LD.

1.3.7.2.2.2 Mechanism of action

SEL is an irreversible or “suicide” inhibitor of M&B. Irreversible inhibitors initially
bind MAO in a reversible, competitive manner, brg then converted by the enzyme to
the active inhibitor, which covalently binds thezgme active site via the FAD cofactor,
thus rendering it permanently unavailable for anmmetabolism (Folet al, 2000). Its
effects can therefore only be overcomedsy novosynthesis of MAO-B (Abeles and
Maycock, 1976).

1.3.7.2.2.3 Adult dosing

Oral treatment with SEL is initially 5 mg in the mmang, increasing if necessary to 10 mg
in the morning or 5 mg at breakfast and 5 mg athurSEL may cause insomnia when
taken later in the day (Gibbon, 2003).
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1.3.7.2.2.4 Drug interactions

Within 2-3 days after intiation of SEL therapy, camrent LD dosage may need to be
reduced by 20-50 %. Potentially life-threatenintgractions of SEL both with pethidine
and with antidepressants (particularly fluoxetimel @ther SSRIs) have been described.
Phenothiazines and butyrophenones, which blockatatriDA receptors, should be
avoided. Reserpine also interferes with the aabiobhD and SEL and should be avoided
(Gibbons, 2003).

1.3.7.2.2.5 Adverse effects

SEL has a good safety margin and its lack of a ésheeffect” attracted attention even
before MAO subtypes had been distinguished (Fetegl, 2000). The clinical advantage
of the safety of SEL in connection with the treattnef PD is that it can safely be
combined with LD therapy. Other MAO inhibitors acentraindicated in LD-treated

patients because of the danger of hypertensivis ¢Ksioll, 1995). SEL is generally well

tolerated. However, hypotension, nausea and vogyitoonfusion and agitation may
occur (Gibbon, 2003).

1.3.7.2.2.6 Pharmacokinetics

The GIT absorption and tissue distribution of SELrapid (Heinoneret al, 1989;
Waitzingeret al, 1996). After the administration of a therapeudiose of SEL (5-10 mg),
peak plasma concentration is reached within 30+h#tutes and 90 % of the dose is
bound to plasma proteins (Magyar and TothfalusiB419Heinonenet al, 1989;
Mahmood, 1997). It crosses the BBB rapidly (Magysrd Tothfalusi, 1984) and
maximal concentrations in the striatum of healtlglunteers are achieved within 5
minutes of intravenous administration (Fowler al, 1987). SEL is metabolized
primarily in the liver via the cytochrome P450 &mst The major metabolites are
N-desmethylselegiline, L-methamphetamine and L-agtgrhine (figure 1.16) (Folegt
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al., 2000). Treatment with SEL is unlikely to resuitamphetamine-related effects on
neurotransmitter release since the efficacy of Iplaetamine in this respect is only one
tenth of that of D-amphetamine (Chiueh and MooB,4). The plasma half life of SEL
is approximately 30 hours and about 75 % is exdretehe urine and 15 % in the faeces
(Gibbon, 2003).

L-N-Desmethylselegiline

N NH
Parahydraoxy
Derivatives

\ L-Methamphetamine

NH,

\ * 3
| r - Parahydroxy
L~ Derivatives

L-Amphetamine

Figure 1.16: The metabolism of SEL to methamphetamine and araptieé (Foleyet
al., 2000).

1.3.7.2.3 Neuroprotective actions of SEL in PD

SEL, mainly through MAO-B inhibition protects theriatum of monkeys from the
neurotoxic effect of MPTP (Coheet al, 1994) but has a neuroprotective effect against
intrastriatally injected MPPas well (Wuet al, 1995, 1996). SEL also protects the
striatum from 6-OHDA-induced toxicity (Knoll, 197.8)
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Animal studies suggest that chronic SEL treatmesilts in an increased life expectancy
(Milgram et al, 1990; Kitaniet al, 1992; Knollet al, 1995). Birkmayeet al (1975,
1985) indicated that the complementation of LD dipgr with SEL increased the life
expectancy of PD patients.

The apparent slowing of neurodegenerative procdasE® by SEL may result from a
number of different mechanisms but is most ofteappsed to be due to either an
increase in dopaminergic neurotransmission or toaprotection against ROS, both of
which are mediated by inhibition of MAO-B (Ebaeli al, 1996). The MAO-catalyzed
oxidation of DA leads to the formation 0£6,. Inhibitors of MAO-B would therefore be
expected to reduce oxidative stress in dopaminerggarons by reducing J@;
production. SEL has also been shown to enhancedtieity of radical-metabolizing
systems in the striatum. For example, the admatisin of SEL has been shown to result
in a significant increase in striatal SOD activilyvo other neuroprotective mechanisms
of SEL, independent from MAO-B inhibition, is th#te drug has shown to have a
neurotrophic factor-like rescuing effect on damagedrons and also increases reactive
astrogliosis (Prochiantet al, 1979). An increase in neuronal survival and rasraased
reactive astrogliosis may be related since reaetsimcytes are believed to play a role in
the survival of damaged neurons, possibly throughprovision of astroglially-derived
neurotrophic factors.

1.4 RESEARCH OBJECTIVES

The debate about the toxicity of LD to dopaminerggarons has not yet been resolved. It
was discovered through the use of LD by PD patitrets although its initial results were
dramatically effective, a growing tolerance to thrag developed. This resulted in a need
to increase LD dosages over time. However, treatmeth LD, especially at high
dosages results in the patients experiencing a eundd LD induced motor
complications. The metabolic byproducts of LD andl &re believed to be toxic to the
nigrostriatal dopaminergic neurons. If this hypaikeis correct, the exogenous

administration of LD could alleviate the symptoni$”® in the short term, but accelerate
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the disease process in the long term. This in¢ouid explain the emergence of wearing
off effects associated with LD therapy, since ghi®nomenon is attributed to a reduced
interdose presynaptic DA storage capacity (Clease, 1993; Nutt and Holford, 1996).

Even though the enzymatic and nonenzymatic methotif LD and DA can produce
ROS and neuronal damamevitro, there has been controversy as to whether thesgsag
can generate oxidative stress and oxidative danmagigo. The main aim of this study is
to gain insight into the neuroprotective and neaximt roles of DA and LD in the
neurodegeneration associated with PD. The studikssée establish some of the
molecular mechanisms by which these catechol congsaxert their neuroprotective or
neurotoxic effects, through the employment of vasidiological and inorganic studies.
In addition to this, the study also investigatesthler SEL is able to prevent or mitigate
the toxic effects of LD and DA and to establish soof the mechanisms by which SEL

affords neuroprotection.

The study includes an investigation into the capaaf DA to react with iron, ascorbate
and hydrogen peroxide (Fenton reagents) to forrH®® (a potent neurotoxin vitro.
The study also investigates the capacity of DA émeagate oxidative stresa vitro,
characterized by an increase in"@nd *OH and a decrease in total GSH. In additon t
this, the capacity of DA to cause oxidative damtagids (increase in MDA levels) and
proteins (increase in carbonyl content) in whole veain homogenate will also be
investigated. In all these cases, the effects keddy the presence of Fenton reagents
on both the oxidative stress and oxidative damagsed by DA will be investigated. In
each study, SEL will be used to determine whetheam quench any free radical effects

that may occur.

Furthermore, the study also investigates whetheteatD treatment results in the
formation of 6-OHDA in the striatum of male Wistaats. The striatum is rich in DA,
H,O,, iron and ascorbate. The generation of *OH viatdrerchemistry is known to
convert DA to 6-OHDAIn vitro. The present study therefore investigates whether

exogenous LD administration can accelerate therggor of this neurotoxin in the rat
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striatumin vivo. In addition to this, the study also investigaties effect of increased

striatal iron levels on the ability of LD to genex&-OHDA in the striatum, and to cause
an increase in striatal oxidative stress and okidatlamage. Once again, the co-
administration of LD with SEL will be used to intemte whether SEL is able to prevent
or reduce any oxidative damage induced by LD. Taereoprotective and neurotoxic

effects of LDin vivowill be compared to those observed with DAvitro.

It is hoped that the findings of this study willbpide additional insight into the nature of
the molecular mechanisms involved in the neuroitkiof LD and DA and contribute
towards explaining the progression of PD, assadiatéh an increase in DA turnover in
surviving dopaminergic neurons. It is also hopeat the study will contribute to explain
the adverse effects associated with LD therapy pmaide a foundation for future
research on how it may be possible to prevent digate LD’s unwanted adverse

impacts.

51



Stability and Formation of 6-Hydroxydopamine

CHAPTER TWO

STABILITY OF 6-HYDROXYDOPAMINE AND ITS
FORMATION FROM DOPAMINE

2.1 INTRODUCTION

6-Hydroxydopamine (6-OHDA) is one of the most conmmpeurotoxins used to
experimentally model nigral degenerationvitro andin vivo. It is selectively taken up
into catecholaminergic nerve terminals and destrthyean by a mechanism that is
generally believed to involve free radical prodantias well as covalent binding of its
semiquinone to macromolecules such as nucleic acidgroteins (Grahaet al, 1978).
Some evidence exists that 6-OHDA is a physiologaalogenous neurotoxin. Several
studies have reported the presence of 6-OHDA ih batt (Senoh and Witkop, 1959a,b;
Senohet al, 1959a,b; Seversaet al, 1982 ) and human brain (Curtigsal, 1974) as
well as in the urine of patients receiving levoddpR) treatment (Andrevet al, 1993).

The possible pathways of 6-OHDA formatimnvivo are unclear. Due to the high content
of dopamine (DA), hydrogen peroxide 4B) and free iron in dopaminergic neurons, a
non-enzymatic reaction between these elements nusgildy lead to endogenous
6-OHDA formation (Slivka and Cohen, 1985; Jellingéral, 1995; Linertet al, 1996).
Hydroxyl radicals formed by the reaction of,® with iron can oxidize the
neurotransmitter DA to the neurotoxin 6-OHDA (Jeder et al, 1995). This DA
oxidation has been shown to occur at concentratsnkbw as 50 uM and induces the
formation of both 6-OHDA and related quinones (Ndaoo et al, 1999). Moreover,
Liao et al (2003) reported the presence of 6-OHDA in mousatsm due to the
inhibition of monoamine oxidase (MAQO) and catecBeahethyltransferase (COMT)
activities. These authors also reported the eemegyof a 6-OHDA-like substance in the
striatum of methamphetamine-treated rats. 6-OHD# leen detected in rat brain after
the administration of 6-hydroxydopa (Karough al, 1993; Evans and Cohen, 1989),
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which differs from LD only in the addition of a hsakyl group in the 6 carbon position.
Evans and Cohen, (1989) and Karoemal (1993) also reported increased levels of
6-OHDA in the brain following inhibition of MAO wit pargyline.

In view of the studies mentioned above, this stadyght to investigate the chemical
ability of DA to react with iron, ascorbate and@®4 to form 6-OHDA by using a
validated high performance liquid chromatographyPll@) method coupled with an
electrochemical detector. In addition to this, do¢he high concentration of DA,.B,
and free iron in the striatum and previous studiesnonstrating the endogenous
formation of 6-OHDA, we decided to investigate wiest LD treatment results in the

endogenous formation of 6-OHDA in the rat striatum.

In each study selegiline (SEL), a monoamine oxidag®AO-B) inhibitor with known
antioxidant properties was used to see whethewidcreduce yields of 6-OHDA formed.
Scavenging of hydroxyl radicals by SEL could supprgields of 6-OHDA formed.
However, SEL blocks the primary metabolic pathw&yDéd and in addition to this is
metabolized to amphetamine and methamphetaminek@aad Reynolds, 1990). When
taking this into account together with the factttipaevious studies have shown an
increase in 6-OHDA after MAO inhibition, it suggeshat SEL could theoretically result
in an increase in 6-OHDA levels. This could castlate on its chronic use in Parkinson’s

disease.
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2.2 STABILITY OF 6-HYDROXYDOPAMINE

2.2.1 INTRODUCTION

A potent neurotoxin, 6-OHDA can be produced by byglt radical attack on DAn vitro
(Slivka and Cohen, 1985; Jellinget al, 1995; Linertet al, 1996). It has been
hypothesized that the formation of this neurotoxmyivo, could be implicated in the
cause of Parkinson’s disease and neurodegenepmtdaced by some psychostimulants,
such as methamphetamine (Seiden and Ricaurte, .1OR&r evidence for, or against the
generation of 6-OHDAINn vivo after the administration of psychostimulants ariceo
drugs that elevate synaptic concentrations of DRd&ing because the results obtained
with these studies are often conflicting (Rolleetal, 1986, Marelet al, 1990, J. Tong
and A.D. Baines, 1993, Liaat al, 2003).

Problems with the known rapid auto-oxidation of BHQA at physiological pH (Cohen
and Heikkila, 1974; Grahanet al, 1978) and its stability during sample storage,
homogenization and analysis may be responsibléhéoconflicting results obtained with
biological samples. This study therefore examireddtability of 6-OHDA under acidic
(0.1 M HCIQy), physiological (0.1 M phosphate buffered salir®$%) at pH 7.4), and
alkaline (0.1 M NaOH) pH at room temperature. Thalg also investigated the stability
of 6-OHDA when biological samples and standardsevetored at -78C. In addition to
this, the study also investigated the effect ofeaddscorbate on 6-OHDA stability.

2.2.2 MATERIALS AND METHODS

2.2.2.1 Chemicals and reagents

6-Hydroxydopamine hydrobromide was purchased frohe tSigma Chemical
Corporation, St. Louis, MO, USA. All other chemigalvere of the highest quality
available and purchased from commercial distrilsitor
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2.2.2.2 Sample preparation

The significance of pH on the stability of 6-OHDAasvinvestigated by examining its
stability under basic (0.1 M NaOH), physiologic@ll M PBS, pH 7.4) and acidic (0.1 M
HCIO,4) pH conditions. Ten micrograms of 6-OHDA was adted0 ml of each solution
(1 pg/ml final concentration) and the solutions evéinen processed for 6-OHDA at
different time periods by injecting 20 pl aliquatgo the HPLC system. The effect of
ascorbate was evaluated by adding a final conderiraf 1 mM of ascorbate to each
solution before the addition of the 6-OHDA.

In order to investigate the stability of 6-OHDA thg sample homogenization, rats were
sacrificed by cervical dislocation and the brainsrevrapidly excised and homogenized
(20 % m/v) in either 0.1 M PBS, pH 7.4 or 0.1 M K&l Ten micrograms of 6-OHDA
was added to 10 ml of each homogenate. At varione periods, aliquots (0.1 ml) of
each homogenate was removed, centrifuged at 12x0@0for 5 minutes and the
supernatant (20 pl) was injected into the HPLC eystOnce again the effect of
ascorbate was evaluated by adding a final conderiraf 1 mM of ascorbate to each
homogenate before the addition of the 6-OHDA. Ttabilty of 6-OHDA was also

studied in frozen supernatants stored at -70 °C @yeriod of two days.

2.2.2.3 Instrumentation

The samples were analyzed on a modular isocratigh hperformance liquid
chromatographic system (Waters Millipore Model 3ailford; MA, USA). The
chromatographic system consisted of a Waters Milepmodel 460-electrochemical
detector and a Rikadenki model RO1 chart recordekyo, Japan). Samples were
introduced into the system using a Rheodyne fiveg [7725i injector, fitted with a 20 pul

loop.
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2.2.2.4 Chromatographic conditions

Separation was achieved using an Ultrasphere C1880R analytical column

(5 um, 250 x 4.6 mm). The mobile phase consisteghodqueous solution of citric acid
(125 mM), sodium phosphate (125 mM), EDTA (100 n)g/nd sodium octylsulfate
(30 mg/L). The pH was adjusted to 2.5 with 85 %mophosphoric acid and was degassed
twice using a 0.45 um membrane filter prior to udee flow rate was 1 ml/min, and the
electrodetection was performed at 0.2 V (Cohen @linka, 1985). Only the 6-OHDA
was detected at 0.2 V.

2.2.2.5 HPLC method validation

Stock solutions of 6-OHDA were freshly prepared fmach test in 0.4 M HCID
containing 1 mM of ascorbic acid. The analyticalgadure was validated by assessment
of linearity of calibration (0.1 pg/ml to 1 pg/mbgpeatability, sensitivity, precision and
limits of quantification (LOQ) and detection (LOD)o ensure specificity, other
hydroxylated dopamine derivatives namely 2-hydr@paimine and 5-hydroxydopamine
were prepared in the same way as the 6-OHDA amdtey into the HPLC system. Only
the 6-OHDA was detected at 0.2 V. In addition, memcentrations within the calibration

range were prepared independently for use as ancstandards.

2.2.3 RESULTS

2.2.3.1 HPLC method validation

Chromatograms obtained for 6-OHDA show symmetriead]l resolved peaks with a

retention time of 9.6 minutes. Figure 2.1 showgpéctl chromatogram of 6-OHDA.
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Figure 2.1: A typical chromatogram obtained for 6-OHDA (1 pg/ml

Regression analysis shows that the concentratidrpaak height ratio are linear over the
concentration range studied, with an excellentetation coefficient ofr= 0.9998. Each
point on the calibration curve is based on trigkcdeterminations repeated five times.
Figure 2.2 represents a typical calibration curbtamed after plotting the mean currents
of the peaks versus concentration.

5 - y =4.4639x
45 | R®=0.9998

o T T T T T 1
0 0.2 04 0.6 0.8 1 1.2
Concentration (ug/ml)

Figure 2.2: A typical calibration curve obtained for 6-OHDA.
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Sensitivity of the method was evaluated by deteimginthe lowest reproducible
concentration of 6-OHDA detectable. The LOQ and LQikre determined as
0.0125 pg/ml and 0.00625 pg/ml respectively. Thecigion is reported as percentage
relative standard deviation (% RSD). The interdescsion ranges from 0.19 % to 2.2 %
(table 2.1) while the intraday precision rangesnrd.86 % to 3.55 % (table 2.1) for the

concentration range studied.

Table 2.1: 6-OHDA validation data

Concentration Relative Standard Deviation (%)
(ng/ml) Indery (n=5) Intraday=Hn
0.1 0.19 0.86
0.2 0.74 0.86
0.4 0.81 1.81
0.6 1.98 1.59
0.8 2.20 0.63
1 2.20 3.55

2.2.3.2 Stability of 6-OHDA

Under alkaline conditions (0.1 M NaOH), 6-OHDA wadremely unstable and no peaks
were detectable electrochemically. Figure 2.3 ser@es of chromatograms showing how
the 9.6 minute peak of 6-OHDA decreased over aot8 period when a freshly prepared
solution of 6-OHDA in 0.1 M HCI@was used.
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Figure 2.3. A series of chromatograms showing the disappearah6eOHDA over a 48 hour
period when 6-OHDA was added to a solution of 0.H®IO,.

The percentage of 6-OHDA remaining at differentesnis shown in figure 2.4. The graph shows
that only about 20 % of the 6-OHDA remained aft@héurs.
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Figure 2.4: Graph showing the percentage of 6-OHDA remaininglifferent time
periods when 6-OHDA was added to a solution of\d.HHICIO,.

At physiological pH (0.1 M PBS, pH 7.4) the 9.6 i@ peak of 6-OHDA decreased
more rapidly and no peaks were detected electrocladignafter 2 hours. Figure 2.5 is a
series of chromatograms showing the disappearanttee®.6 minute peak over a 1.5

hour period.
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Figure 2.5: A series of chromatograms showing the disappearah6eOHDA over a
1.5 hour period when 6-OHDA was added to a 0.1 Mts&m of PBS, pH 7.4.

Figure 2.6 shows that 6-OHDA is very unstable atspdlogical pH and that only about
2 % of the 6-OHDA remained after 2 hours.
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Figure 2.6: Graph showing the percentage of 6-OHDA remaininglifferent time
periods when 6-OHDA was added to a solution of\d.BBS, pH 7.4.

The addition of 1 mmol/L of ascorbic acid to a s$iwo of 6-OHDA in 0.1 M HCIQ
slowed the disappearance of the 6-OHDA peak so@fai remained after 48 hours
(figure 2.7). The addition of 1 mmol/L of ascorlaicid to the PBS also prolonged the life
of the 6-OHDA peak so that 18 % of 6-OHDA remairagter 6 hours and 3 % of the
6-OHDA remained after 48 hours (figure 2.8).
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Figure 2.7: Graph showing the percentage of 6-OHDA remaininglifferent time
periods when ascorbate (1 mM) was added to a ealofi6-OHDA in 0.1 M HCIQ
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Figure 2.8: Graph showing the percentage of 6-OHDA remaininglifferent time
periods when ascorbate (1 mM) was added to a ealofi6-OHDA in 0.1 M PBS
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As shown in figure 2.9, 6-OHDA was less stable he samples containing rat brain

tissue homogenized in HCJ@han samples containing no tissue homogenate. @n th
samples containing tissue homogenate no peak @HBA was detected after 36 hours.

However, the addition of 1 mM of ascorbate to tlesue homogenate increased the
stability of 6-OHDA so that the amounts of 6-OHDAsasured in the samples containing
both tissue homogenate and exogenous 6-OHDA wetresigoificantly different from

those obtained in the samples containing no tiegtract.
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Figure 2.9: Graph showing the percentage of 6-OHDA remaininglifferent time
periods when 6-OHDA was added to rat brain homagehin 0.1 M HCIQ.

The amounts of 6-OHDA measured in samples conwirtoth rat brain tissue
homogenized in PBS and exogenous 6-OHDA are sagmfiy higher than those
obtained in the samples containing no homogenaaré-2.10 shows that approximately

5 % of the 6-OHDA remained after 30 hours.
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Figure 2.10: Graph showing the percentage of 6-OHDA remaininglifferent time
periods when 6-OHDA was added to rat brain homagehin 0.1 M PBS

No change in peak heights was observed in sampdgaed from brain supernatants
(PBS and HCIG) stored at -70C for a period of 2 days.

2.2.4 DISCUSSION

This study confirms the previously published obag&on that 6-OHDA undergoes rapid
auto-oxidation at physiological pH (0.1 M PBS, pH)in vitro. The 6-OHDA generated
in the rat brain may therefore also be very shwed and difficult to detect. Increasing
the ascorbate concentration in the PBS to 1 mMeas®d the stability of 6-OHDA.
Relatively high concentrations of ascorbate areefloee needed to maintain 6-OHDA in
the reduced state. Ascorbate may increase thelistatfi 6-OHDA by promoting the
redox cycling of the quinone oxidation products @OHDA back to the parent
compound. The stability of 6-OHDA generaiad/ivo may therefore be affected by local

tissue levels of ascorbate and other anti-oxidavieoules such as tocopherol. Ascorbic
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acid is present in relatively large concentratiomeural tissue; with mean levels in the
range of 1-2 mM in rat brain (Milbgt al, 1982). Higher mean levels of 8.8 + 1.1 mM
are reported for nerve terminals from rat brain dkat al, 1978). The presence of

endogenous ascorbate and other anti-oxidant meledulthe rat brain homogenate may
account for the increased stability of 6-OHDA olbserin samples that contained both
rat brain tissue homogenate and exogenous 6-OHDé&nwtompared to samples that
contained no tissue homogenate. A number of ddwors can also affect the observed
stability of 6-OHDA in vivo, such as storage in synaptic vesicles and theinumu

synthesis of 6-OHDA from endogenous DA.

The results of this study also show that the stglof 6-OHDA under acidic pH (0.1 M
HCIO,) is much greater than that observed under phygicdb pH. 6-OHDA is more
stable in samples that contained no tissue homaogdinan samples that contained tissue
homogenized in HCIQ This was therefore opposite to what was obsenreder
physiological pH. A possible explanation for thisduced stability is that oxidized
6-OHDA is highly reactive with nucleophiles. Oxidx 6-OHDA could therefore have
bound covalently to nucleophilic groups in alburmand other proteins (Saner and
Thoenen, 1971) present in the homogenate. Wherasherbate concentration was
increased to 1 mM in the tissue homogenate, thbilisgaof 6-OHDA in samples
containing ascorbate (1 mM), tissue homogenate exwjenous 6-OHDA was not
significantly different from the stability of 6-OH® observed in samples containing no

tissue homogenate.

In subsequent experiments striatal samples that weebe processed for 6-OHDA were
homogenized in 0.4 M HClOcontaining 1 mM of ascorbate in order to maintairy

6-OHDA formed in the reduced state as long as plessi

Storage of brain supernatants at -70 °C for 2 thagsno observable effect on the peak
height of 6-OHDA. In future experiments striatahgdes to be processed for 6-OHDA
were rapidly excised, frozen in liquid nitrogen astred at -70 °C for a period not

exceeding 2 days.
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It is clear that the detection of any 6-OHDA formaiter LD treatment depends on a
large number of factors, including local tissueelevof ascorbate, iron, DA, as well as
levels of glutathione and tocopherol and other-aritlant enzymes. However, the main
aim of this study was to help prevent the loss €DHDA during sample storage,

homogenization and analysis in future experiments.
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2.3 EFFECT OF SELEGILINE ON THE IN VITRO
FORMATION OF 6-HYDROXYDOPAMINE

2.3.1INTRODUCTION

Hydroxyl radicals (*OH) are highly oxidizing spesig¢hat have been implicated as
mediators of tissue damage in a numbeanafitro andin vivo studies. A classical source
of «OH is from the univalent reduction of,&, by metal ions, first reported by Fenton
(Slivka and Cohen, 1985). The Fenton reaction betwae ferrous salt or ferrous chelate

and HO, can be represented by the overall equation:

Fe* + H,0, —» FE + OH + *OH (Equation 2.1)

In cellular systems, the ferric ions (Pethat are generated in the Fenton reaction
(equation 2.1) are recycled by suitable reducingnggy for example ascorbic acid
(equation 2.2). Ferric ions also oxidize cateclwlsuperoxide anions, resulting in the
formation of reduced ferrous ions (equation 2.3)e Tecycling of iron between its ferric
and ferrous states permits the generation of «Otbtdinue until the source of reducing

equivalents (or kD) is expended.

2FE" + AH, — 2FE" + A (Equation 2.2)
Fe + 0, > Fé'+ 0O, (Equation 2.3)

Evidence for the existence of «OH in biochemicalteys is based on the identification
of products formed when «OH reacts with an exogemmmpound that has been added
to the system in relatively high concentrationsevidus studies have shown that «OH
will engage in the ring hydroxylation of a variety aromatic compounds including

phenol and substituted phenols (Richmatdal, 1981). For example, *OH reacts with
salicylate to generate 2,3 and 2,5-dihydroxybenzaced which can be measured
electrochemically using high performance liquid arhatography (Obata and
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Yamamaka,1996). DA is an endogenous catecholamiveg ts found in high
concentration in the striatum. Seneh al (1959) reported that in the presence of
Fe(I)-EDTA and ascorbate, DA could be ring-hydratgd to form a product that
appeared to be 6-OHDA. The rate constant for thectien of «OH with DA is
5.9 X 10 Ms™ at a pH of 4.7 (Slivka and Cohen, 1985).

In the present study, hydroxyl radicals were geeeran the presence of DA at a pH of
7.4 by using the Fe(ll)-EDTA/MD, and ascorbate system (Fenton system) as the «OH
generating system and a validated high performdig&d chromatography with
electrochemical detection (HPLC-ECD) method wasduse investigate whether
6-OHDA was formed. In addition, the study also stgated whether SEL was able to
suppress yields of 6-OHDA formed.

2.3.2 MATERIALS AND METHODS

2.3.2.1 Chemicals and reagents

DA hydrochloride, 6-OHDA hydrobromide, SEL hydrochtle, sodium octylsulfate,

sodium phosphate and citric acid were purchased the Sigma Chemical Corporation,
St. Louis, MO, USA. EDTA and ferrous (ll) sulfateeme purchased from Merck,
Darmstadt, Germany. All other bench reagents warehased from Saarchem(Pty). Ltd,

Krugersdorp, South Africa.

2.3.2.2 Hydroxyl radical generating system

To determine the hydroxylation of DA, Fe(ll)-EDTAJ/E, and ascorbate (Fenton
system) was used as the hydroxyl radical generaysgem. This reaction system is
based on a coupled reaction in which ferrous ceelatact with KD, to give rise to

hydroxyl radicals according to the following eqoat.
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FeCh + EDTA— F&* -EDTA (Equation 2.4)
Fe* -EDTA + H,0, — Fe€* -EDTA + «OH + OH (EquatioB).
Fe** -EDTA + ascorbic acid» F&"-EDTA + oxidized ascorbic acid (EquatiaB)2

The first reaction (equation 2.4) results in therfation of a ferrous chelate. The ferrous
chelate then produces hydroxyl radicals by reactity H,O, in the second reaction
(equation 2.5). The chelated Fe(ll)-EDTA is thexuced to the ferrous state by the
third reaction (equation 2.6). In this process, fdreous irons are constantly regenerated
in a coupled reaction in which the ferric ions eeduced by ascorbic acid. This results in
a reliable and continuous production of hydroxylicals throughout the experiment. The
sequence of additions and final concentrationeafents for the Fenton system were as
follows: water, phosphate buffer (final concentvats0 mM, pH 7.2), KD, (100 pM),
DA (1 mM), ascorbate (1 mM), EDTA (240 uM) and fars sulfate (200 uM). The
effect of SEL was evaluated by adding various cotregions (0.1, 1 and 10 mM) before
the addition of DA. The reaction mixture was incidoh at room temperature with
intermittent stirring. At various time periods (180, 60, 120 minutes), aliquots (0.1 ml)
of reaction mixture were removed and quenched énciald 0.4 M HCIQ containing

1 mM ascorbate. The ascorbate was necessary taaimathe 6-OHDA in the reduced
state. The reaction time was 120 minutes. The sssnpére analysed for 6-OHDA using
high performance liquid chromatography with electramical detection. Final results are
expressed as g of 6-OHDA/10 ml.

2.3.2.3 Instrumentation

As described in section 2.2.2.3

2.3.2.4 Chromatographic conditions

As described in section 2.2.2.4
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2.3.2.5 Statistical analysis

The differences in the means were analysed usimmnea way analysis of variance
(ANOVA) followed by the Student Newman-Keuls MulépRange Test. The level of

significance was set at p < 0.05.

2.3.3 RESULTS

Figure 2.11 is a series of chromatograms showiag) When the reaction mixture was
qguenched by dilution into 0.4 M HClCQcontaining 1 mM ascorbate, and analysed at
+0.2 V, a peak with chromatographic and electrodbalmproperties identical to 6-
OHDA was formed.

Fenton system

30 min 60min 120min

I
|
ERRNANER!

- —

Figure 2.11: A series of chromatograms showing 6-OHDA formatwer time when

DA is incubated with the Fenton system (0.1 mlw@dics of the reaction mixture were
guenched in 0.9 ml of 0.4 M HCIQ
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The vyield of 6-OHDA formed after a reaction time @PRO minutes using the
Fenton system is shown in table 2.2. As evidentainle 2.2 and figure 2.12 SEL
suppressed the yield of 6-OHDA formed in a con@itn dependant manner with the
10 mM SEL concentration reducing the yield of 6-OM® 15.4 % when compared to
the control.

Table 2.2: Suppression of the yield of 6-OHDA formed in thentém system by SEL.
DA was present at 1 mM. The reaction time was 1#futas. Values are mean = SD for
n=3. Values in parenthesis are percent conf(pl.< 0.001) versus control (ANOVA

followed by Student-Newman-Keuls Multiple rangetXes

Scavenger (mM) 6-OAMDg/10 ml)
None (control) 12+ 0.39 (100 %)
SEL
0.1 9.34 +0.13 (77.1 %)
1.0 3.89 +0.79 (32.1 %)
10 1.89 + 0.26 (15.6 %)

Figure 2.12 shows 6-OHDA formation with time in thenton system. Product formation
was continuous in the Fenton system, but was greatluced when SEL was added to

the reaction mixture.
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—e— Fenton system + DA (1mM)

—=— Fenton system + DA (1mM) + SEL (0.1mM)
—— Fenton system + DA (1mM) + SEL (1mM)
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Figure 2.12:Showing the effect of SEL on 6-OHDA formation witme in the Fenton
system.

2.3.4 DISCUSSION

Important observations made during this study idel() the chemical ability of DA to
react with iron, ascorbate and,® to form 6-OHDA in a cell free environment,
indicating a non-enzymatic reaction and (ii) theligbof SEL to suppress yields of
6-OHDA formed.

The fact that 6-OHDA can be formed in the presesfageon, H:O, and ascorbata vitro
suggests that 6-OHDA may be formed from DA in tleattal nervous systemn vivo.
Striatal dopaminergic neurons contain significaviels of DA, HO, and free iron. This

may create a chemical environment which would alfowthe conversion of DA to
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6-OHDA. The formation of this neurotoxin may thessult in cellular damage to DA
neurons (Slivka and Cohen, 1985; Jellingeal, 1995; Linertet al, 1996).

The hydroxylation of various aromatic compounds been used as a indicator of *OH
generation by a number of different investigatoralljwell, 1978; Raghavan and
Steenken, 1980; Sloot and Gramsbergen, 1995)rifgehydroxylation of DA by «OH
results in the formation of 6-OHDA. The ability &EL to inhibit the formation of
6-OHDA may be due to its known hydroxyl radical \smaging properties (Taat al,
1993; Thomast al, 1997). The ability of SEL to bind to iron wike investigated in a

later chapter.

One of the remarkable pharmacological effects df BEhat it protects the striatum from
6-OHDA induced toxicity. The inhibition of the up& of 6-OHDA into nigrostriatal
dopaminergic neurons plays an important role innéeroprotective role of SEL against
the toxicity of this specific neurotoxin. This studlso shows that in addition to this, SEL
may also protect against 6-OHDA toxicity by inhibg the formation of this toxin. On
the other hand, the fact that SEL inhibits 6-OH@Anfiationin vitro does not necessarily
mean that this will be the casevivo. For example, SEL is a selective MAO-B inhibitor
and the inhibition of this enzyme may actually favthe formation of 6-OHDA (Lia@t
al., 2003). SEL is also metabolized to amphetamirtkraathamphetamine (Meeker and
Reynolds, 1990). Liacet al (2003) reported that high doses of methamphe&min
(50 mg/kg) results in 6-OHDA formation in the stuan of mice.

The effect of SEL on 6-OHDA formatiom vivo was investigated in the following

experiment.
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2.4 EFFECT OF A SINGLE LARGE DOSE OF
L-DOPA AND SELEGILINE ON STRIATAL
6-HYDROXYDOPAMINE FORMATION IN VIVO

2.4.1 INTRODUCTION

Parkinson’s disease (PD), first described by JaRagkinson in 1817 (Parkinson, 1817)
is characterized by a marked loss of pigmented miapargic neurons from thgubstantia
nigra pars compacté§SNpc), a midbrain structure. In 1960, Hornykiewssr coworkers
discovered a significant loss of DA in the striatuwwh PD patients (Ehringer and
Hornykiewicz, 1960). Since DA itself could not csogshe blood brain barrier,
Hornykiewicz and colleagues predicted that levod@gda), the precursor of DA would
improve parkinsonian symptoms. One year laterkiBayer and Hornykiewicz, (1961)
reported marked therapeutic success in the treatnoénPD after intravenous
administration of LD. By 1967, Cotzias and cowoskg@Cotziaset al, 1967) were able to
announce that large oral doses of LD resulted irkethimprovement of PD. Although
LD was initially very effective in treating the sytoms of the disease, a growing
tolerance to the drug developed and it failed tth thee underlying progression of the
disease. Eventually, side effects such as dyskisesiabnormal movements),
gastrointestinal symptoms, insomnia, hallucinatiand psychosis became worse than the
benefits of the drug (Lees, 1995; Katzenschlagdrlaes, 2002).

A possible mechanism by which LD may acceleratedisease process and result in a
variety of side effects is that exogenous LD adstration may significantly increase the
formation of 6-OHDA. There is a substantial amowft evidence implicating the
involvement of free radicals as one of the majouses of nigral degeneration in
Parkinson’s disease. The previous experiment deiraded that free hydroxyl radicals
can react with DA to form 6-OHDA. The main aim bfg study was to use a validated
HPLC-ECD method to search for the presence andggesa the formation of 6-OHDA
after the administration of a single large doséDf(together with a dopa decarboxylase
inhibitor, benserazide) in the absence and preseinite MAO-B inhibitor, SEL.
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2.4.2 MATERIALS AND METHODS

2.4.2.1Chemicals and reagents

L-3,4-dihydroxyphenylalanine (LD), benserazide hoaiioride, SEL hydrochloride,
sodium octylsulfate, sodium phosphate and citrid agere purchased from the Sigma
Chemical Corporation, St. Louis, MO, USA. EDTA armerrous (ll) sulfate were
purchased from Merck, Darmstadt, Germany. All otbench reagents were purchased
from Saarchem(Pty). Ltd, Krugersdorp, South Afriddd was dissolved in saline
containing 0.2 mg/ml of ascorbic acid and 0.1 M H@Gé solution was mixed until clear
and the pH was adjusted to 6.2 with 0.1 M disodioydrogen phosphate. SEL and
benserazide hydrochloride were made up in physicébgaline.

2.4.2.2 Animals

Adult male Wistar rats were used in this study avete housed and maintained as

described in appendix one

2.4.2.3 Drug treatment

Rats were divided into four groups (I — IV), witlfitéden rats in each group. Rats were
then treated as described in table 2.3. Groupveseas the control and received saline,
Group Il received LD (50 mg/kg) and Group Il recsil 10 mg/kg of SEL. Group IV

received a combination of LD (50 mg/kg) and SEL (i@/kg). Each animal received a
dose volume of 1 pl/g of body weight of LD and/d&LSi.p. as a single large dose. LD
treatment groups also received 12.5 mg/kg of beagi prepared in saline to prevent
the peripheral decarboxylation of LD. Five ratenfr each group were sacrificed by

decapitation at 60, 120 and 180 minutes afterainiteatment. The striatum of each rat
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was removed, frozen in liquid nitrogen and storeer@ C, for a period not exceeding 2

days.

Table 2.3: Treatment schedules used to test the ability ofddd SEL to induce the
endogenous formation of 6-OHDA in the rat striatum.

Treatment group Dose (i.p.) &ifmin) of decapitation after initial treatment
Control (n = 15) Saline 60 (n=5)
120H1p)
180«1p)
LD (n =15) 50mg/kg 60 (n=5)
120+1®)
180«1p)
SEL (n =15) 10mg/kg 60 (n=5)
120+1®)
180«1d)
LD 50mg/kg 60 (n=5)
and SEL (n=15) 10mg/kg 120 (n=5)
180«1p)
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2.4.2.4 Preparation of tissue for HPLC analysis

On the day of the experiment, the striatal samplese thawed on ice, weighed and
sonicated (50 Hz for 60 s) in ice cold 0.4 M HEontaining 1 mM of ascorbate using
an ultrasonic cell disruptor (1 mg of tissue inlPp The sonicated samples were kept on
ice for 30 minutes and centrifuged at 10 000 x g ¥6 minutes using a bench top
centrifuge. The supernatant (R was injected directly into the HPLC-ECD systeon f

analysis.

2.4.2.5 Instrumentation

As described in section 2.2.2.3

2.4.2.6 Chromatographic conditions

As described in section 2.2.2.4

2.4.2.7 Statistical analysis

As described in section 2.3.2.5
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243 RESULTS

Experimental designs and treatment schedules wsatid search for 6-OHDA after the
administration of a single large dose of LD and&L are summarized in table 2.3. No
detectable amount of 6-OHDA was found in the sirragfter any of these treatments.

2.4.4 DISCUSSION

The axon terminals of dopaminergic neurons in thiatam are highly enriched in the
neurotransmitter, DA, with concentrations estimaie8 mg/g (or 47 mM) (Andeet al,
1966). HO, is formed within these neurons during the cataboliof DA by
mitochondrial MAO. The rate of #D, production should follow neuronal activity and the
rate of turnover of DA. In addition to this, ascertacid is also present at high
concentrations in the complex environment of btasue. Mean levels are in the range
of 1-2 mM in rat brain (Milbyet al, 1982) and 0.4-1.3 mM in major divisions of the
human brain (Mefforet al, 1981). Higher mean levels of 88lL.1 mM are reported for
nerve terminals in rat brain (Kwe al, 1979). Iron is also found in high concentrations
several regions of the basal ganglia including ghbstantia nigrathe globus pallidus
and theputamen(Dexteret al, 1989a,b). As discussed in the previous experijrtbiet
endogenous presence of the above reactants iattbeain could have created a chemical
environment that allowed DA to be converted to 652

The previous experiment confirmed the observatigrShvka and Cohen, (1985) that
hydroxyl radicals can convert DA to 6-OHDiA vitro. However, the products of this
reaction were not detecteth vivo. Our negative finding suggests, therefore, that
6-OHDA is not producedn vivo under the present conditions. Although 6-OHDA is
known to auto-oxidize to stable quinone produretgitro, the results of the stability study
conducted in section 2.2 suggest that the prepargbrocedures used during this
experiment did not result in a significant los6e®HDA.
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A possible reason for the failure to detect 6-OHDAthe striatum may be that the
6-OHDA formed in the striatum is very short live6ckOHDA undergoes rapid auto-
oxidation to quinone products at physiological pHhe quinone oxidation products of
6-OHDA are highly reactive with nucleophiles, swhsulfhydryl groups in glutathione
(GSH) and other proteins (Tong and Baines, 19938icl@bphilic attack by sulfhydryl

groups in GSH and other proteins could scavengextigized products of 6-OHDA as
rapidly as they were produced (Tong and Baines3)L9khis in turn would prevent the
redox cycling of these quinone products back toHID® by endogenous ascorbate.
Rapid scavenging of oxidized 6-OHDA may thereforoaunt for the absence of
detectable levels of 6-OHDA in the striatal samplésats. Another explanation is that
LD and SEL treatment may produce concentrationr&-OHDA that are below the limit

of detection of the assay.

The duration of treatment, i.e. giving a single @lo$ LD and/or SEL could also have
affected the outcome of the investigation. Theolewlhg experiment investigates whether
treatment with LD and/or SEL over a longer periédme results in 6-OHDA formation.
6-OHDA is also more likely to occur under pro-oxialaconditions. The following
experiment therefore also investigates the effeelavated iron levels in the striatum on
6-OHDA formation. PD is associated with increaseah ilevels and reduced antioxidant

defense levels in the striatum.
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2.5 EFFECT OF ACUTE L-DOPA AND
SELEGILINE TREATMENT IN IRON INFUSED
RATS ON STRIATAL 6-HYDROXYDOPAMINE

FORMATION IN VIVO

2.5.1 INTRODUCTION

The previous experiment demonstrated that 6-OHDAois producedn vivo after the
administration of a single large dose of LD an@&l. The inability to detect 6-OHDA
after the administration of a single dose of thdsags is consistent with that of a
previous study using HPLC-ECD analysis (Karoeinal, 1993)

The main objective of this study is to investigatbether increasing the duration of
treatment with LD and/or SEL would favour stria@OHDA formation. In addition to
this, the study also focuses on the effect of iased free iron levels on 6-OHDA
formation. Iron levels in the striatum are not ohigher than in other regions of the brain
(Gerlachet al, 1994), but are increased approximately 35 %DnpBtients compared to
age-matched controls (Dexter., 1989a). Rats weneetbre given an intrastriatal infusion
of ferrous sulfate prior to treatment with LD and8EL. An increase in free iron would
result in increased free radical production via Be:ton reaction, thus amplifying the
chemical reaction between hydroxyl radicals andrBgulting in 6-OHDA formation.

2.5.2 MATERIALS AND METHODS

2.5.2.1Chemicals and reagents

As described in section 2.4.2.1
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2.5.2.2 Animals

Adult male Wistar rats were used in this study avete housed and maintained as

described in appendix one.

2.5.2.3 Drug treatment

Animals were divided into two treatment regimes.imals in treatment regime 2
received an intrastriatal infusion of iron (ll) gtk before the i.p. administration of
LD and/or SEL, while rats in treatment regime lyordceived LD and/or SEL treatment

without an intrastriatal infusion of iron (ll) sale.

2.5.2.3.1 Treatment regime 1

Rats were divided into four groups (I — 1V), witlvd rats in each group. Group | served
as the control and received saline, Group Il resekizD, 10 mg/kg/bd and Group IlI
received 2.5 mg/kg/bd of SEL. Group IV receivedombination of LD (10 mg/kg/bd)
and SEL (2.5 mg/kg/bd). Each animal received a dosame of 1 ul/g of body weight of
LD and/or SEL i.p. twice daily for 7 days. LD tresnt groups also received
2.5 mg/kg/bd of benserazide prepared in salinag¢ggnt the peripheral decarboxylation
of LD. The animals were sacrificed by cervical dégltion on the Bday. The striatum of

each rat was removed, frozen in liquid nitrogen stoded at -70C.

2.5.2.3.2 Treatment regime 2

Male Wistar rats were anaesthetized using diettindre Two microliters (2ul) of ferrous
sulfate dissolved in saline (5 mM) was then infubddterally into the striatum of these
rats using a rat brain stereotaxic apparatus (BigellL, USA). The stereotaxic
coordinates were; 0.8 mm caudal to the bregman2n7ateral to the sagital suture and 5
mm ventral to the dura (Paxinos and Watson., 19D&p microliters of normal saline
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was infused into the striatal region, bilateraltythe sham control animals. The rats were
then divided into five groups and treated as dbedrin table 2.4. LD treatment groups
also received 2.5 mg/kg of benserazide preparedalime to prevent the peripheral
decarboxylation of LD. Each group contained fivisrdhe rats were sacrificed on tHe 8
day by cervical dislocation, followed by decapitati The striatum of each rat was frozen

in liquid nitrogen and stored at -70.

Table 2.4:Treatment protocol for iron-infused rats

Treatment Group Intrastriatgettion (2ul) Twice daily drug
treatment after
intrastriatal infusion

| (control) Saline alfde

I hénol of F&é* Saline

1 Tonol of Fé* 10 mg/kg of LD
\Y 1fnol of F&* 2.5 mg/kg of SEL
\Y; 1fhal of F&* 10 mg/kg of labd

2.5 mg/kg of SEL

2.5.2.4 Preparation of tissue for HPLC analysis

As described in section 2.4.2.4

2.5.2.5 Instrumentation

As described in section 2.2.2.3

2.5.2.6 Chromatographic conditions
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As described in section 2.2.2.4

2.5.2.7 Statistical Analysis

As described in section 2.3.2.5

253 RESULTS

Striatal samples of rats receiving twice daily iipjections of LD (10 mg/kg), SEL
(2.5 mg/kg) or a combination of these drugs wergssed for 6-OHDA. Despite the
large quantities of DA in the striatum, as well thge elevation of DA levels in the
striatum induced by the administration of LD andLSB-OHDA was not detected in

these samples.

In order to increase the chances of hydroxyl rddat@ck on DA, rats were given an
intrastriatal infusion of Fé to increase hydroxyl radical formation. This wdasert

followed by twice daily i.p. injections of LD (10 gkg), SEL (2.5 mg/kg) or a
combination of these drugs. However, despite thrgelaguantities of DA and the
likelihood of hydroxyl radical generation, 6-OHDAaw still undetectable in these
samples. In two striatal samples from rats recgiiD there were small peaks with the
same retention time as 6-OHDA. These peaks wereevewbelow the limit of

guantification.

84



Stability and Formation of 6-Hydroxydopamine

2.5.4 DISCUSSION

The results of this HPLC-ECD search for 6-OHDA aftee acute administration of
LD and/or SEL twice daily for seven days revealeddetectable amounts of 6-OHDA in
the striatum. An increase in free iron levels ia #triatum prior to the administration of
LD and/or SEL did not result in detectable levefs6eOHDA in the striatum. The
subsequent oxidative stress and ROS productioowolly the intrastriatal infusion of

iron was therefore not sufficient to produce detble levels of 6-OHDA in the striatum.

Apparently, the formation of 6-OHDA is not respdisi for neurodegeneration of DA
neurons following LD treatment. These results tfogee question the hypothesis that
formation of 6-OHDA is responsible for the sideeets associated with long term LD
treatment. The failure to detect 6-OHDA does notyéver exclude the possibility that
the concentration of 6-OHDA formed may be below die¢ection limits of the assay. In
addition to this, nucleophilic attack by endogencosmpounds with sulfhydryl groups
could scavenge oxidized 6-OHDA as fast as it wasiéal. To test the plausibility of this
explanation, a following chapter will investigateeteffect of LD and SEL administration

on GSH levels, botm vitro andin vivo.
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CHAPTER THREE

PINEAL INDOLE METABOLISM

3.1 INTRODUCTION

Melatonin (MEL) is an endogenous neurohormone gifed from serotonin (5-HT) in
the pineal gland. This is accelerated by the reledsiorepinepherine (NE) in the pineal
gland at night from the sympathetic nerve termimatervating the gland (Oliviest al,
1990). The NE, via the activation pfadrenergic receptors causes an increase in thee gen
expression and enzymatic activity of the pinealyemz, N-acetyltransferase (NAT)
resulting in enhanced conversion of serotonin tacKtylserotonin (NAS) (Oliviert al,
1990; Reiter, 1991). The amount of NAS synthesdegends on the levels of serotonin
accumulated during the day. The conversion of Sdwytryptophan to 5-HT by
5-hydroxytryptophan decarboxylase is highest dutimg day (light phase). The NAS
formed is subsequently converted to melatonin leyghzyme hydroxyindole-O-methyl
transferase (HIOMT) (Reiter, 1991). This explaihe tnverse relationship between the

rat pineal concentrations of serotonin and melatoni

The small size and accessibility of the rat pinglahd allows for easy culturing of the
gland in an intact state, without having to ussugsslices. It is well established that the
rat pineal gland in organ culture is able to cohvadiolabelled T'C] serotonin to {'C]
melatonin (Dayat al, 1989; Olivieriet al, 1990). The{'C] serotonin is also acted upon
by the enzyme monoamine oxidase (MAO) to producauaber of {‘C] indole
metabolites. The indole products derived from 5-iHTthe pineal gland are shown in
figure 3.1 and include 5-methoxytryptamine (5-MT)melatonin (MEL),
N-acetylserotonin (NAS), 5-methoxyindole acetic dadb-MIAA), 5-hydroxyindole
acetic acid (5-HIAA), 5-methoxytryptophol (5-MTOHpnd 5-hydroxytryptophol
(5-HTOH).
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Figure 3.1: A simplified diagram showing the biochemical patg&ahrough which

melatonin and the other pineal metabolic productd@med (Yanez and Meissl., 1996).

As much as 95 % of the variou¥'¢] indoles synthesized are secreted into the aultur
medium. The relative amounts of each indole aralainm the pineal gland and the
culture medium (Klein and Rowe, 1970). Thus theahelites in the culture medium are
considered a good reflection of pineal indole meliain (Klein and Notides, 1969). The
[**C] indole products in the culture medium can beasged, identified and quantified by
using a bi-dimensional thin layer chromatographikQY system, first used by Klein and
Notides in 1969. The'{C] indoles are separated using two solvent systeéhesfirst
consists of chloroform, methanol and glacial acaticl (93: 7: 1) and the second solvent

system utilizes ethyl acetate only.
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3.2 EFFECT OF SELEGILINE ON PINEAL INDOLE
METABOLISM

3.2.1 INTRODUCTION

The previous chapter demonstrated that SEL sumsede formation of 6-OHDAN
vitro and that it may possibly reduce the endogenousybtbesis of 6-OHDA. Another
possible mechanism by which SEL may protect agaimstneurotoxicity induced by
6-OHDA is that it may increase the production of M&nd NAS, both of which are
powerful anti-oxidants (Wolfleet al, 1999; Aguiaret al, 2004). The main objective of
the present study is to investigate whether SEMAO-B inhibitor alters rat pineal
indole biosynthesis. Of particular interest is wigetthis antiparkinsonian drug affects
MEL and NAS synthesis by the rat pineal gland.

3.2.2 MATERIALS AND METHODS

3.2.2.1 Chemicals and reagents

The radiochemical 5-hydroxy-(sidechain“%) tryptamine creatinine sulfate (specific
activity 58 mCi/mmol) was purchased from Amersharteinational, United Kingdom.
The compound had a radioactive concentration @ Gml. The synthetic indoles 5-HT,
5-MT, 5-HIAA, 5-MIAA, 5-HTOH, 5-MTOH, NAS and MEL wre purchased from
Sigma Chemical Co., St Louis, USA. BGJb culture mmed (Fitton Jackson
modification) was purchased from Gibco, Europe akptically fortified with
antibiotics such as penicillin and streptomycineTduminum TLC plates pre-coated
with silica gel 60 Es4 (0.2 mm thickness) were purchased from Merck, Geyn The
liquid scintillation cocktail, Packafd Scinillator 299, was purchased from Packard

Instrument Company, Inc., Netherlands. Ethanol, haoebl, glacial acetic acid, ethyl
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acetate and chloroform were obtained from Saarchémnited, Krugersdorp, South

Africa.
3.2.2.2 Animals

Animals were housed and maintained as describegpendix one.

3.2.2.3 Experimental procedure

3.2.2.3.1 Pineal organ culture

The BGJb culture medium was fortified with pug quized of sodium benzylpenicillin

and streptomycin sulfate prior to the experiment.
In Vitro Study

The intact pineal glands were rapidly excised aladqu individually in sterile Kimble
glass tubes (borosilicate 10 x 75 mm). Each tdst tontained 52 pl of BGJb culture
medium. A volume of 10 ul of SEL hydrochloride wiéren added to the incubation
medium to give the required final concentratioraitotal volume of 70 pl. In the control
culture tubes, SEL was replaced with 10 pl of a@llliwater (the vehicle in which the
SEL was dissolved). The reaction was then initidbgdadding 8 pl of 'C] 5-HT
(specific activity 58 mCi/mmol). The atmosphere hint the culture tubes was then
saturated with carbogen (95 % oxygen: 5 % carboxidie), immediately sealed and
incubated for a period of 24 hours at %7 in the dark. The incubation was then
terminated after 24 hours by removing the pineahd$s from the culture medium. The

culture medium was then stored at -2Quntil further analysis by TLC.
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Ex Vivo Study

The acute administration of SEL was performed dbse of 2.5 mg/kg/bd. The vehicle
for the delivery of the drug was physiological saliand rats received i.p. injections of
SEL (2.5 mg/kg) twice daily for 7 days. On tHe @y the rats were sacrificed by cervical
dislocation and the pineals were rapidly transtérte the corresponding pre-labeled
Kimble tubes. The final total volume of the cudumedium was 60 pl for thex vivo
study.

3.2.2.3.2 TLC analysis of indoles

A standard solution of non-radiolabeled indoles Washly prepared by dissolving 1mg
of each of the following indoles: 5-HT, 5-MT, 5-HM\ 5-HTOH, NAS, MEL, 5-MIAA

and 5-MTOH in 1 ml of absolute ethanol containingeIn/v of ascorbic acid to keep the
oxidation of the indoles to a minimum. This solatiwas stored at 4 °C in the dark until

use.

A 10 pl aliquot of the sample culture medium waadied onto a 10 x 10 cm TLC plate,
to form a spot no larger than 4-5 mm at a demadicategin. The spot was then dried
under a gentle stream of nitrogen to aid in theingryof the spotted medium and to
minimize auto-oxidation of the pineal indoles. Tdedter, a 10 ul aliquot of the standard
solution containing all the indoles was also smbtiato the origin, on top of the already
spotted culture medium and again dried with nitrogeéhe plates were then developed in
saturated TLC tanks. The plates were first run éwit the same direction in a mobile
phase of chloroform, methanol and glacial acetid &3: 7: 1). The solvent front was

allowed to move about 9 cm. The TLC plates wera tieenoved from the tank and dried
under a stream of nitrogen. The plates were thacepl in ethyl acetate at right angles to
the first direction and were allowed to developilutite solvent front had moved about
6 cm. The plate was then removed from the TLC tankl dried thoroughly with

nitrogen.
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The location of each indole was visualized by plgdhe plate under a UV-Visible light.
Each spot was then cut out and placed individuallgcintillation vials containing 3 ml
of scintillation liquid. The vials were then seaksud shaken vigorously for a period of 20
minutes to facilitate extraction of the indoles ointhe scintillation liquid. The
radioactivity of each f'C] indole was then quantified using a Beckman L®8
scintillation counter. The results are expressedisisitegrations per minute (DPM) in

10 pl of the culture medium.
3.2.2.4 Statistical analysis

The data of eacht{C] indole in a particular group (n = 5) was pootecproduce a single
mean value expressed as DPM/10 ul. Group meandrgtorersus SEL) were then
statistically compared by using the Student t-t€ke level of significance was accepted
at p <0.05.

3.2.3 RESULTS

A typical bi-dimensional chromatogram of the pin@adole metabolites is shown in
figure 3.2. The figure shows that excellent sepamatvas achieved for NAS, 5-HIAA,
5-HTOH, MEL, 5-MIAA and 5-MTOH. A disadvantage ikat 5-HT and 5-MT both
remain at the origin and do not separate from eshblr. An additional TLC system

would have been necessary to achieve separatioedetthese two indoles.
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chloroform : methanol ; glacial acetic acid [93:7:1 wiv]
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Figure 3.2: A typical bi-dimensional thin layer chromatogratastrating the direction in
which the plate was run and the positions of timeal indole metabolites (Klein and
Notides, 1969).

In Vitro Study
The radioactivity corresponding to each of the rmelites isolated from the culture

medium, expressed as disintegrations per minuie/dd culture medium is represented

in figure 3.3.
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Figure 3.3: Thein vitro effect of SEL (10 pM) on pineal indole metabolidgach bar
represents the mean + SD (n =5). @ (p < 0.05)ar(@ > 0.05) versus the control.

Figure 3.3 shows that at a concentration of 10 |[H#L significantly increases the
metabolism of serotonin to both NAS and MEL by thepineal gland when compared to
control values. In addition to an increase in NA®I aMEL, SEL also significantly
decreases the monoamine oxidase products (5-HIAKTOGH and 5-MTOH) formed
from serotonin. Levels of 5-MIAA formed by the palegland are not significantly

altered by SEL when compared to control values.
Ex Vivo Study
Figure 3.4 shows that the acute administration BL $2.5 mg/kg/bd), results in a

significant increase in NAS levels but has no digant effect on MEL or the

monoamine oxidase products of 5-HT.
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Figure 3.4: The effect of acute administration of SEL (2.5 nggiid) on pineal indole
metabolism. Each bar represents the mean £ SD5n & (p < 0.05) and ns (p > 0.05)

versus the control.

3.2.4 DISCUSSION

The results of thén vitro experiment indicate that at a concentration of M), SEL
significantly increases melatonin and N-acetylsmiot production by the rat pineal
gland and results in a significant decrease inntemoamine oxidase products formed
from serotonin. It is tempting to suggest that 8ieL induced increase in melatonin
production is brought about by elevated conceminatiof 5-HT as a result of MAO
inhibition. By weakening the MAO-mediated catabwlisof 5-HT, the alternative
pathway converting serotonin to NAS and MEL issfithened. However, an increase in
the biosynthesis of melatonin in the pineal bodjofeing treatment with SEL can not
simply be explained by inhibition of MAO-B, becaube affinity of MAO-B for 5-HT is
low (Nishi et al, 2006). Since 5-HT is inactivated primarily by /@AA (Nishi et al.,
2006), it is unlikely that SEL, a selective MAO-Bhibitor would result in an elevation
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of 5-HT levels in the pineal body. The most likeyplanation for the decrease in the
monoamine oxidase products of serotonin is thattmeentration of SEL used (10 uM)
was high enough to cause inhibition of both MAORIMAO-A, this would explain the
decrease in 5-HTOH, 5-HIAA and 5-MTOH observed. Tiheease in NAS and MEL
production induced by SEL could on the other haeddibe to an inhibition of NE
degradation or an increase in pineal N-acetyltemaske (NAT) activity. An increase in
the activity of NAT would result in an increasetire N-acetylation of 5-HT to NAS, the

precursor of melatonin.

The results of the acute administration of SEL (@2d/'kg twice daily) on pineal indole
metabolism showed a significant increase in NASellevhowever, levels of MEL,
5-HTOH, 5-HIAA, 5-MTOH and 5-MIAA were not signifantly altered. The results of
this study suggest that the dose of SEL used wiasufficiently high for the drug to lose
selectivity for MAO-B and therefore the metabolissh serotonin by MAO-A was
unaffected. The rise in NAS levels is most likelyedto an increase in pineal NAT
activity. NAS has properties similar to that of atehin, and both indoleamines have
protective effects against 6-OHDA induced toxicfiartin et al, 2000; Calvoet al.,
2001). Recent studies indicate that the antioxidativity of MEL is actually lower than
that of NAS (Oxenkrug, 1999; Wolflat al, 1999; Requintina and Oxenkrug, 2003). An
increase in the activity of NAT is brought about fradrenergic receptor stimulation
(Reiter, 1991)B-adrenergic receptor stimulation induced by SEL iadstration may be
mediated by DA and NE.

The rise in NAS induced by SEL in rats may be aeothechanism by which this drug

can protect against 6-OHDA formation and toxicity.

In order to gain more insight into the way in whi8EL results in increased NAS
production in the pineal gland, the following chapwill investigate whether the
administration of SEL (2.5 mg/kg/bd) can alter 5;HJA and NE levels in the rat

striatum and hippocampus.
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CHAPTER FOUR

NEUROTRANSMITTER LEVELS

4.1 INTRODUCTION

The homeostasis of DA, 5-HT and NE is maintainegant by the metabolism of these
monoamines by MAO, both intracellularly and exttadarly and by COMT,
extracellularly (Westerink, 1984). Removal of thaseines from the synaptic cleft is also

achieved via a reuptake mechanism (Blacklairal, 1967).

DA is a catechol neurotransmitter widely distrilmiteroughout the brain but with most
of it found in the striatum (Palkovits and Brownstel983). The two main DA pathways
in the brain are the nigrostriatal and mesolimbathgrays. The nigrostriatal system
consists of a number of dopaminergic neurons whaeke bodies are located in the
substantia nigra(SN) and whose axons are projected towards thatwtni The main
function of this neuronal system is assumed to e modulation of voluntary
movements. DA is synthesized by the decarboxylatiohD by neuronal L-amino acid
decarboxylase (AADC), which in turn is synthesiZeodm tyrosine by the action of
tyrosine hydroxylase (Nistet al, 2006). DA is metabolised via two main pathways i
the brain by the enzymatic reactions of MAO (bqgtle@es) and COMT. Approximately
70 — 90 % of DA turnover occurs via the MAO mediatgathway to
3,4-dihydroxyphenylacetic acid (DOPAC) and homollenacid (HVA), while 10 — 30%
of DA turnover occurs through the COMT mediatechpaty extracellularly giving rise
to 3-methoxytyramine (3-MT) in the rat striatum (Sterink, 1984; Wooeét al, 1987). A
balance between DA synthesis, catabolism and reeiptaintains DA homeostasis in the

brain.

5-HT is an indolealkylamine neurotransmitter systhed from tryptophan, an essential
amino acid. Alterations in brain 5-HT levels haveeb implicated in a number of

neuroendocrine, psychiatric, and neurologic disadparticularly depression, anxiety,
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schizophrenia, obsessive-compulsive disorder argtamies. The mechanism by which
5-HT acts in the brain and interacts with otherrogansmitter systems is not yet clearly
understood. There is little data available regaydire influence of SEL and LD on 5-HT
synthesis in the rat brain (Nishi et al., 2006).
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4.2 EFFECT OF L-DOPA AND SELEGILINE ON
BRAIN NEUROTRANSMITTER LEVELS [N VIVO

4.2.1 INTRODUCTION

In chapter 2, it was demonstrated that the exogeadministration of LD (10 mg/kg/bd)
and SEL (2.5 mg/kg/bd) for 7 days does not resul6iOHDA formation in the rat
striatum, despite the expected increase in stri@d levels produced by the
administration of these drugs. This chapter ingaséis the extent to which these drugs
cause an increase in striatal DA levels. The chiagdg® investigates whether SEL, at a
dose of 2.5 mg/kg/bd for 7 days can affect 5-HT abelism in the striatum and
hippocampus. This will provide further insight intbe mechanism by which SEL

enhances NAS production by the pineal gland (cm&)te

In this study, the effect of SEL and LD on brailodenic amines was determined using
an HPLC-ECD method to detect simultaneously DA, HMPOPAC, NE, 5-HT and
5-HIAA in the rat striatum and hippocampus follogyinp. administration of LD and/or
SEL.

4.2.2 MATERIALS AND METHODS

4.2.2.1 Chemicals and reagents

L-3,4-dihydroxyphenylalanine (LD), benserazide tahloride, SEL hydrochloride,
heptane sulphonic acid (HSA), Ethylenediaminetetta acid (EDTA), triethylamine
(TEA), phosphoric acid (PA), perchloric acid (HG)O dopamine (DA), serotonin
(5-HT), dihydroxyphenylacetic acid (DOPAC), homoibn acid (HVA),

5-hydroxyindoleacetic acid (5-HIAA) and noradrenali(NE) were purchased from the
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Sigma Chemical Corporation, St. Louis, MO, USA. HPgjrade acetonitrile (ACN) was
purchased from Saarchem, Johannessburg, SoutraeAKIt other reagents were of the

highest quality available.

4.2.2.2 Animals

Animals were housed and maintained as describagpendix one.
4.2.2.3 Drug treatment

Rats were divided into four groups (I — IV), witlvd rats in each group. Group | served
as the control and received saline, Group Il reseizD, 10 mg/kg/bd and Group Ili
received 2.5 mg/kg/bd of SEL. Group IV receivedombination of LD (10 mg/kg/bd)
and SEL (2.5 mg/kg/bd). Each animal received a dosane of 1 ul/g of body weight of
LD and/or SEL i.p. twice daily for 7 days. LD tresnt groups also received
2.5 mg/kg/bd of benserazide prepared in salinae¢ggnt the peripheral decarboxylation
of LD. The animals were sacrificed by cervical désition on the 8 day. The striatum

and hippocampus of each rat was removed, frozéquiitl nitrogen and stored at -0

4.2.2.4 Preparation of tissue for HPLC analysis

On the day of the experiment, the striatal and dagpmpal samples were thawed on ice,
weighed and sonicated (50 Hz for 60 s) in ice dald M HCIQ, containing 0.01 %
EDTA using an ultrasonic cell disruptor (1 mg afstie in 1Qul). The sonicated samples
were kept on ice for 30 minutes and centrifuged@00 x g for 10 minutes using a
bench top centrifuge. The supernatant was injediesttly into the HPLC-ECD system

for analysis.
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4.2.2.5 Instrumentation

As described in section 2.2.2.3

4.2.2.6 Chromatographic conditions

Separation was achieved using an Ultrasphere C1880R analytical column
(5 pm, 250 x 4.6 mm). The mobile phase consistegl@B mM HSA, 0.27 mM EDTA,
13 % ACN, 0.43 % TEA, 0.32 % PA and made up to 100Qvith Milli-Q water. The
mobile phase was degassed twice using a 0.45 pnbraamfilter prior to use. The flow
rate was 1 ml/min, and the electrodetection wadopeed at 0.74 V. Results are

expressed as pmol/mg tissue.

4.2.3 RESULTS

Figure 4.1 shows that the acute administration BL $2.5 mg/kg/bd) significantly
decreases levels of DOPAC and HVA and elevateatatiDA levels, when compared to
the control values. The acute administration of (1D mg/kg/bd) significantly increases
levels of DA, as well as its major acidic metal®I@OPAC, however levels of HVA
were not significantly altered in the striatum.dddition to DA, LD administration also
resulted in a significant increase in NE levelsither SEL nor LD altered striatal levels
of 5-HT or its metabolite 5-HIAA. However, when hadrugs are administered together,
a significant decrease in DOPAC and HVA levels wabserved, but striatal DA levels
were not significantly altered compared to when kias administered alone. The
administration of both drugs in combination hadefi@ct on striatal levels of 5-HT and
5-HIAA.
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Effect of Selegiline and L-Dopa on striatal
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Figure 4.1: The effect of SEL and LD on striatal biogenic amiegels. Each bar
represents the mean £ SD (n = 5). ns (p > 0.05)p x 0.05), * (p < 0.01) and
*** (p < 0.001) compared to the control; nsl (p 08), # (p < 0.05) and ## (p < 0.001)
compared to LD treatment groups.

The acute administration of SEL did not alter Isvet DA and 5-HT, their metabolites
DOPAC and 5-HIAA, or NE levels in the hippocampusen compared to control values
(figure 4.2). No values for HVA are reported beeau® peak was detected for this
metabolite in the hippocampus. Figure 4.2 also shtwat LD treatment induced a
statistically significant increase in NE, DA and PAC levels, while levels of 5-HT

were unaltered in the hippocampus when comparettheacontrol values. When both
drugs were used in combination, no significant estéghces were observed in the

hippocampal samples compared to when LD was adiarai$ alone.
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Effect of L-Dopa and Selegiline on hippocampal
neurotransmitter levels
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Figure 4.2: The effect of SEL and LD on hippocampal biogenidrearievels. Each bar
represents the mean £ SD (n = 5). ns (p > 0.05)p x 0.05), * (p < 0.01) and
*** (p < 0.001) compared to control; nsl (p > 0.0&hd # (p < 0.05) compared to LD

treatment groups.

4.2.4 DISCUSSION

PD is characterized by the degeneration of dopagim@eurons of thgubstantia nigra
and a reduction of DA and its major metabolites B@Pand HVA in the striatum
(Cannazzat al, 2005). In the present study, much attention fwessed on how LD and
SEL affect DA, 5-HT and NE levels in the striatuihe effect of these drugs on DA,
5-HT and NE levels in the hippocampus was alsosthgated.

The results of the experiment show that the adnnatien of LD elevates striatal and
hippocampal DA, DOPAC and NE levels. LD is conveitg neuronal aromatic L-amino
acid decarboxylase (AADC) into DA (Riolk&t al, 2002), and therefore the increase in
DA levels following LD treatment was to be expecté® resulted in an approximate
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two-fold increase in striatal DA levels. Despitéstincrease in DA levels, there was still
an absence of detectable levels of 6-OHDA in theatsm (chapter 2). Since the
catabolism of DA is not inhibited by LD, it followthat increased levels of DA would be
accompanied by an increase in the metabolites gf ¥i8h as DOPAC. The increase in
NE levels induced by LD could also be due to theréase in DA, since DA can be
converted to NE by dopamirfehydroxylase (Riobdet al, 2002). Both striatal and

hippocampal levels of 5-HIAA and 5-HT were unchahémlowing LD administration.

The elevation of striatal DA levels and the reductof DOPAC and HVA levels induced
by SEL (a selective MAO-B inhibitor) could be explkd by inhibition of DA
catabolism, resulting in elevated levels of DA ankduction in DOPAC and HVA. The
results of this experiment also show that SEL ha®ffect on 5-HT or 5-HIAA levels
after intraperitoneal administration. This can belained by the fact that DA is a
substrate for both forms of MAO, whereas 5-HT isedective substrate for MAO-A
(Youdim and Tipton, 2002). The concentration of SEked in this study may not be fully
specific for MAO-B and could have produced a snmattiibition of MAO-A, however
according to the findings of Green and Youdim, @9@nd Greeret al (1977), it is
necessary to inhibit at least 80 % of the enzymeroter to achieve any significant
increase in 5-HT levels. When used on its own, $Bd no effect on DA, 5-HT, their
metabolites DOPAC, HVA and 5-HIAA or NE levels inet hippocampus. This may be
due to the fact that the hippocampus is a regiam@train with a high concentration of
MAO-A. The inhibition of MOA-B may not have affectdDA levels in this region of the
brain because of the more or less equal affinitimMéiO-A and MAO-B for DA and the
presence of high concentrations of MAO-A in thespamminergic neurons (Kondadt
al., 1994). On the other hand, concentrations of MA@-the striatum are relatively low
(Kondohet al,, 1994).

When both SEL and LD are administered togetherigaifcant reduction in striatal
DOPAC and HVA were detected compared to when LD wsed alone. However,
despite the decrease in DOPAC and HVA, it is irdiéang to note that the

complementation of LD treatment with SEL did nosuk in a statistically significant
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increase in striatal DA levels. In the case oftipgocampus, combined treatment did not
alter levels of any of the neurotransmitters measgucompared to when LD was

administered alone.

Since SEL treatment did not affect 5-HT levels he striatum and hippocampus, it is
unlikely that it would have any effect on the metiggm of 5-HT in the rat pineal gland.
The elevation of NAS in the pineal gland followirthe administration of SEL

(2.5 mg/kg/bd) observed in the previous chaptethexefore more likely due to an
increase in NAT activity than inhibition of 5-HT madolism.
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CHAPTER FIVE

SUPEROXIDE ANION FORMATION

5.1 INTRODUCTION

The brain is particularly susceptible to free ratlidamage as a result of its high

consumption of total body oxygen and its relativledw concentrations of antioxidant

enzymes (Coyle and Puttfarcken, 1993). The phybkmamical properties of oxygen

require that it gain electrons one at a time. ¥ etectron is added to the outer orbital of

oxygen, the superoxide radical anion{0s formed (Nohkt al, 2005).
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Figure 5.1: A summary of the multiple by-products formed by theertial reduction of

oxygen (Reiter, 1998)
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The generation of 9 is often the start of the oxidative stress caseandkis the precursor
to H,O, as well as the more reactive and damaging *OHir@id.1). Once formed, Dis
inactivated by a family of enzymes, the superoxidenutates (SOD) to 4D, and further
by catalase and glutathione peroxidase to wataddich, 1989). The kD, can be

converted to *OH via the Fenton or Haber-Weisstiaac

O," is formedin vivo in a number of ways (figure 5.1). The non-enzymatito-
oxidation of 6-OHDA, DA and other catecholamine swmlles results in the generation
of O,” (Grahamet al, 1978; Klegeriset al, 1994). Superoxide can also be produced
from lipoxygenases, cyclooxygenases, xanthine @edand various flavin oxidases
(Cross and Jones 1991; Coyle and Puttfarcken, 1#3&n though there are numerous
sources of @, the mitochondrion is considered to be the maim i Q" production in
mammalian cells through electron leakage from teetmn transport chain onto oxygen.
In a normally functioning mammalian electron tram$chain, electrons are transferred
from NADH to the oxidized form of coenzyme Q (UQ9, yield the reduced form of
coenzyme Q (UQE. UQH, then transfers electrons to cytochrome ¢ andnsexed to
UQ, passing first through the semiquinone anioncigse (UQ). Finally reduced
cytochrome c is re-oxidized by cytochrome c oxid@&ewaltowski and Vercesi, 1998).
One oxygen molecule is reduced to two moleculesatér for every four electrons taken
in by the complex (figure 5.2).
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Figure 5.2: The formation of @ from the mitochondrial electron transport chain
(Nohl et al, 2005).

The main sites of electron leakage seem to be Al@HNcoenzyme Q reductase complex
(Turrens and Boveris, 1980), and the reduced faht®enzyme Q itself (Cadenasal,
1977).

The auto-oxidation of DA and 6-OHDA could enharfee tjeneration of £. In addition

to this both DA and 6-OHDA are able to interacthaaind inhibit mitochondrial complex
[, I and IV (Glinka and Youdim, 1995; Khaet al, 2005; Mazzicet al, 2004). This
could obstruct the flow of electrons through thecelon transport chain and enhancé O
production by electron leakage to oxygen. Cytocle®mre heme proteins which accept
one electron at a time per molecule by allowing’ & the centre of the heme ring to be
reduced to F&. Studies have shown that 6-OHDA and to a lessemexDA is able to
reduce and release iron as’Fdrom the iron storage protein ferritin (Montineamd
Winterbourne, 1989; Linedt al, 1996; Babincova and Babinec, 2005). If 6-OHDAl an
DA reduce F& to F€" in the heme core of CYT-C (maintaining it in ieduced form),
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this could possibly obstruct electron flow througdmplexes Il and IIl and increase©

formation.

The previous chapter shows that intraperitoneal iaidtmation of LD results in a
significant elevation of striatal DA levels. The imaim of this study is to investigate the
effect of DA and 6-OHDA on @ formation in rat brain homogenate vitro and
compare this to the effect that LD administrati@s fon @~ productionin vivo. In each
study SEL was used to examine its ability to trag @nd inhibit any rise in ©
produced by DA, 6-OHDA or intraperitoneal LD treaint.
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5.2 EFFECT OF DOPAMINE AND
6-HYDROXYDOPAMINE ON SUPEROXIDE ANION
FORMATION IN RAT BRAIN HOMOGENATE
IN VITRO

5.2.1 INTRODUCTION

Several lines of evidence suggest that mitochohdlysfunction is involved in the
dopaminergic neuronal death associated with PDnglei993; Greenamyed al, 1999).
Analysis of post mortem brain tissue has indicatedlecrease in the activity of
mitochondrial NADH dehydrogenase (complex |) in gubstantia nigreof PD patients
(Schapiraet al, 1990). It is generally accepted that oxidatieendge mediated by DA
oxidation products contributes to the mitochonddefects in PD (Coheat al, 1997,
Berman and Hastings, 1999; Gluekal, 2002). Another contributing factor could be the

endogenous formation of 6-OHDA, a toxic product©@H attack on DA.

The auto-oxidation of DA and 6-OHDA generate sulisah amounts of ¢, H,O, and
*OH. A number of studies have also shown that D& 6-OHDA have the ability to
obstruct electron flow along the electron transpdréin by inhibiting mitochondrial
complex I, I and IV (Glinka and Youdim, 1995; Khahal, 2005; Mazzicet al, 2004).
This study therefore investigates the potentialDsf and 6-OHDA to cause O
production in rat brain homogenate by using theohlte tetrazolium (NBT) assay. This
method is generally accepted as a reliable methadsaying for @ and possibly other
free radicals (Dast al, 1990; Sagaet al, 1992). The assay involves the reduction of the
yellow NBT dye by Q" to the blue insoluble NBD, which can be extractéth glacial
acetic acid. The formation of NBD can then be messuat 560 nm using a UV
spectrophotometer.
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5.2.2 MATERIALS AND METHODS

5.2.2.1 Chemicals and reagents

DA hydrochloride, 6-OHDA hydrobromide, nitrobluefaimazan (NBD) and nitroblue
tetrazolium (NBT) were purchased from Sigma Chem@arporation, St Louis, MO,
U.S.A. Glacial acetic acid and ethanol were puretdasom Saarchem, Johannesburg,
South Africa. All other reagents were of the highgsality available from commercial

sources.

A 0.1 % solution of NBT was prepared by dissolving NBT in a few drops of absolute

ethanol before making it up to the required volumitha Milli-Q water.
5.2.2.2 Preparation of the standard curve

NBD was used to prepare the standard curve. Assefieeaction tubes, each containing
appropriate concentrations of NBD (at 50 uM inté&syalissolved in glacial acetic acid
was prepared. A calibration curve (appendix threa$ then generated by measuring the
absorbance at 560 nm wusing a Shimadzu UV-160A Wbl recording
spectrophotometer.

5.2.2.3 Animals

Animals were housed and maintained as describadpendix one.
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5.2.2.4 Brain removal

Rats were sacrificed by cervical dislocation, foléml by decapitation, and the brains
were rapidly removed for use in experiments as rde=tt in appendix two. The brains
were either used immediately or stored at -70 % needed.

5.2.2.5 Homogenate preparation

Each brain was weighed and homogenized (10 % mAceicold 0.1 M PBS, pH 7.4 in a
glass teflon homogenizer. This is necessary togmelysosomal damage to the tissue.
The homogenate was then used immediately for theeyas

5.2.2.6 Nitroblue tetrazolium assay

A modified method by Dast al (1990) was used for this assay.

Rat brain homogenate (1 ml) containing various eatrations of either DA or 6-OHDA
(0. 0.05, 0.1, 0.15, 0.2, 0.25 mM) were incubatethw.4 ml of 0.1 % NBT in an
oscillating water bath for 1 hour at 37 °C. Ternima of the assay and extraction of the
reduced NBT was carried out by centrifuging the gasiat 2000 x g for 10 minutes and
then re-suspending the pellet with 2 ml of gla@aktic acid. The absorbance of the
glacial acetic acid fraction was then measured Gt Bm and converted to nmol of
diformazan using the standard curve generated M&Mm. Final results are expressed as
nmol of NBD/mg of tissue.

5.2.2.7 Statistical analysis

As described in section 2.3.2.5
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5.2.3 RESULTS

Figure 5.3 shows that exposure of whole rat braamdégenate to DA and 6-OHDA
results in a concentration dependent increase ,in f@mation. Results in figure 5.3
represent the mean + SD of five determinations. Ul# mM concentration of DA
resulted in a £ 50 % increase in,"Oproduction and the 0.25 mM concentration of

6-OHDA resulted in a + 66 % increase ia @roduction compared to the control values.
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Figure 5.3: Concentration dependent effect of DA and 6-OHDA@yi formation in
whole rat brain homogenates. Each bar represeatmdan £+ SD (n = 5). ns (p > 0.05)
and *** (p < 0.001) compared to the control group.
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5.2.4 DISCUSSION

The results of this study demonstrate that DA ar@HDA result in a rapid and
concentration dependent increase i @roduction in whole rat brain homogenate.

The auto-oxidation of DA and 6-OHDA is known to taoute to the production of O,
and other reactive oxygen species (ROS) that qrabda of destroying the structural and
functional apparatus of neurons in the SN (Blethal, 2001). 6-OHDA has a faster rate
of auto-oxidation than DA and therefore has thditsiio generate greater amounts of
0O, in a given time (Riob@t al, 2002), this is in agreement with the resultsaoted in
this study. However, the auto-oxidation of thesmpounds is unlikely to account for all
the Q" produced because when the experiment was repated absence of rat brain
homogenate, DA and 6-OHDA were not able to contvertyellow NBT dye to produce a
blue NBD precipitate during the 1 hour incubatiém.contrast to this, when DA and
6-OHDA were incubated at 37 °C for 1 hour in theggnce of rat brain homogenate, a
dark bluish purple precipitate (NBD) was obtained.

Another mechanism by which DA and 6-OHDA may cdnité to the production of O

is that these agents may interfere with the mitadnial electron transport chain. Studies
have shown that DA and 6-OHDA are capable of intmgimitochondrial complexes |, Il
and IV (Glinka and Youdim, 1995; Khaet al, 2005; Mazzicet al, 2004). This could
obstruct the flow of electrons through the electtoamsport chain and enhance™O

production by increased electron leakage onto axyge

Previous studies have shown that 6-OHDA can reéfeteto F€*, initiating the release

of free iron from its binding site in ferritin, th@ain iron transport protein (Montinerio
and Winterbourne, 1989; Linedt al, 1996; Babincova and Babinec, 2005). A later
chapter will also try to confirm the results of $keestudies. It has also been demonstrated
that the release of iron from ferritin can altetauhondrial calcium homeostasis (Frei
and Richter, 1968). An increase in intracellulaicicen can initiate a cascade of events

that also lead to ROS generation (Southgate and,0®99). The reductive properties of
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6-OHDA on cytochrome ¢ (CYT-C) may also be conttibbgi to impaired mitochondrial

function and enhanced,Ogeneration. The reduction of ¥¢o F&* in the heme core of

CYT-C could lead to the stabilization of the reddiderm of cytochrome ¢ (CYT-C-

RED). The loss of available CYT-C-OX would prevetectrons received from complex
Il from being transferred to complex IV (Mazzat al, 2004). This obstruction of the
flow of electrons along the electron transport ohewuld also result in increased™O

production. DA may affect the oxidation state otaohromes in a similar manner to
6-OHDA, however, it is a much weaker reducing agean is 6-OHDA.
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5.3 _EFFECT OF SELEGILINE ON DOPAMINE
AND 6-HYDROXYDOPAMINE INDUCED
SUPEROXIDE ANION FORMATION IN RAT BRAIN

HOMOGENATE IN VITRO

5.3.1INTRODUCTION

The auto-oxidation and MAO mediated metabolism & &hd 6-OHDA leads to the
production of several deleterious products suchH#3,, oxygen radicals and reactive
qguinones, which are capable of causing mitochohdgafunction (Khanret al, 2005).
The generation of $#D, and other oxygen radicals may play a role in th&® &nd
6-OHDA mediated inactivation of mitochondrial comypll, 11 and IV. As mentioned
previously, the inhibition of these complexes ia tlectron transport chain may enhance
the generation of ©. Since mitochondrial MAO catalyses the oxidatieamination of
DA and 6-OHDA (Cohen and Werner, 1994), with conitant generation of free
radicals (figure 5.4) this study sought to investigthe effect of SEL on the production
of O," induced by DA and 6-OHDA.

Besides inhibiting MAO-B, evidence has also beesspented that SEL may protect the
CNS by direct free radical scavenging activity. fifaset al (1997) reported that SEL
had the ability to trap both hydroxyl and peroxatlicals. The direct scavenging 0§ O
by SEL may also reduce,Oproduction induced by DA and 6-OHDA.
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Figure 5.4: Metabolism of 6-OHDA by MAO-B, generating,8, and *OH and its
blockade by SEL (Ebadit al, 1996).

The main aim of this study is to investigate the&fof SEL on the production of,0
induced by DA and 6-OHDA observed in the previcuwslg.

5.3.2 MATERIALS AND METHODS

5.3.2.1 Chemicals and reagents

SEL hydrochloride was purchased from Sigma Chenf@aiporation, St Louis, MO,

U.S.A. All other chemicals and reagents were pagsel as described in section 5.2.2.1.
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5.3.2.2 Preparation of the standard curve

As described in section 5.2.2.2

5.3.2.3 Animals

Animals were housed and maintained as describagpendix one.
5.3.2.4 Brain removal

As described in section 5.2.2.4

5.3.2.5 Homogenate preparation

As described in section 5.2.2.5

5.3.2.6 Nitroblue tetrazolium assay

A modified method by Dast al. (1990) was used for this assay.

The experiment was conducted as described in se6tih2.6. The rat brain homogenate
(2 ml) was incubated at 37 °C for one hour, with liighest concentration of either DA
or 6-OHDA used in the previous experiment (0.25 nd&)ne or in combination with

increasing concentrations of SEL. Following thiee NBT assay was performed.
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5.3.2.7 Statistical analysis

As described in section 2.3.2.5

5.3.3 RESULTS

As shown in figure 5.5, the treatment of rat braomogenate with 0.25 mM of DA
results in a significant increase iny;Oproduction. Figure 5.5 also shows that the
treatment of the rat brain homogenate with SELF0®5, 0.75 and 1 mM) reduces the
DA induced rise in @ back to control levels. All concentrations of SEholished the
DA induced rise in @ formation.
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Figure 5.5: Effect of SEL on DA induced £ formation in whole rat brain homogenate.
Each bar represents the mean = SD (n=5). # (p &19.&nd nsc (p > 0.05) compared to
control values; *** (p < 0.001) compared to 0.25 nafIDA.
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From figure 5.6, it is evident that exposure of ¥eh@t brain homogenate to 0.25 mM of
6-OHDA results in a significant increase in"Qoroduction compared to the control
group. Figure 5.6 also shows that treatment of timenogenate with increasing
concentrations of SEL (0.25, 0.5, 0.75 and 1 mM) ia effect on the 6-OHDA induced
increase in @ production. SEL alone (1 mM) has no effect ol @roduction when

compared to control values.
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Figure 5.6: Effect of SEL on 6-OHDA induced L0 formation in whole rat brain
homogenate. Each bar represents the mean + SD. #%£p)< 0.001) and nsc (p > 0.05)
compared to control values; ns (p > 0.05) comparé25 mM of 6-OHDA.

5.3.4 DISCUSSION

The results of this study demonstrate that SELighe$ the rise in £ production in rat
brain homogenate induced by DA, but has no effecth® increased O production
induced by 6-OHDA.
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The main catabolic pathway for DA in the brain istabolism by MAO to DOPAC and
HVA. This study shows that SEL is able to inhilbie formation of @ by DA. This may
be partly because DOPAC auto-oxidizes at a faster than DA (Itoet al, 1988). The
auto-oxidation of DOPAC would therefore be expedtedroduce larger amounts of O
in a given time than DA. In addition to this DOPAfinone (DOPAC-Q) may have a
higher thiol (-SH) reactivity than DA-quinone (DA}@Khan et al, 2005). The total
protein content for the mitochondrial membrane hbthte inner and outer membrane,
varies between 60 % and 65 %. The inner membrasteiprcontent is as high as 75 %
(Kowaltowski and Vercesi, 1998). Hydroxyl radicasés well as the quinone oxidation
products of DA and DOPAC are capable of promotimg @xidation of protein cysteine
(contains thiol groups) (Rotmaat al, 1976; Itoet al, 1988; Basmat al, 1995). Thiol
cross-linkage is associated with mitochondrial dgstion (Fagiaret al, 1990) and may
also be a contributing factor in the inhibitionroftochondrial complex | and IV by DA.
It is, therefore, entirely possible that the pratat offered by SEL against the DA
induced rise in @ formation is at least in part related to the thet it could prevent the
formation of DOPAC quinones and other oxygen rddidarmed during the auto-
oxidation of DOPAC by inhibiting the metabolism DA by MAO-B. SEL would not
have however prevented the auto-oxidation of DA #mal formation of DA-Q. It is
possible that SEL prevents the increase 4 @oduction from the auto-oxidation of DA
by direct scavenging of the,Oradical.

SEL was unable to attenuate the rise 3 @duced by 6-OHDA. This may be partly due
to the fact that the rate of auto-oxidation of 6{@is greater than that of DA and
DOPAC (Cohen and Heikkila, 1974) and 6-OHDA couiérefore generate substantial
amounts of @. 6-OHDA is also more readily converted to 6-OHDAIlirgpne
(6-OHDA-Q) than DA is to DA-Q (Li and Christensefh994). A later study will
investigate the thiol reactivity of 6-OHDA-Q compdrto that of DA-Q by examining
the effect of these molecules on GSH levels. Initemidto this 6-OHDA is a powerful
reducing agent and may have blocked the flow o€tedas along the mitochondrial
electron transport chain by maintaining componeritghe chain in their reduced state

(figure 5.7) , thereby preventing normal oxidatr@auction events (Glinka and Youdim,
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1995; Mazzioet al, 2004). As mentioned previously this may have amgked the
production of @ by increasing the leakage of electrons out of dleetron transport

chain onto oxygen.

The Effect of 6-OHDA on Mitochondrial Activity
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Figure 5.7: Theoretical diagram describing impairment of mitocdrial function by
6-OHDA through alteration of the oxidation state@fT-C (Mazzioet al, 2004).

The following experiment will investigate the effexd intraperitoneal LD and/or SEL

administration (which elevate DA levels) on thenation of Q™ in the rat striatum.
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5.4 EFFECT OF L-DOPA AND SELEGILINE
TREATMENT ON STRIATAL SUPEROXIDE ANION
FORMATION IN VIVO

5.4.1 INTRODUCTION

The previous experiments demonstrate that DA a@H®A can significantly increase
O, production in whole rat brain homogenatevitro. The systemic administration of
LD increases the concentration and turnover of DAhe striatum and it is therefore
possible that the administration of LD results imimcrease in endogenous @ormation

in the striatum. The formation of O might contribute to neural degeneration and the
progression of PD by leading to the formation @& khghly reactive and tissue damaging
hydroxyl radical. Experimental studies have alsowah that LD alters cellular energy
metabolism, probably by inducing oxidative damagetite mitochondrial respiratory
chain (Przedborslet al, 1993; Pardet al, 1995b).

The purpose of this study is to determine whetheracute administration of LD to male
Wistar rats results in an increaseg” @roduction in the striatum. In addition, the study

also investigates the effect of SEL administratanO,” productionin vivo.
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5.4.2 MATERIALS AND METHODS

5.4.2.1 Chemicals and reagents

L-3,4-dihydroxyphenylalanine (LD) was purchasednfr@igma Chemical Corporation,
St Louis, MO, U.S.A. All other chemicals and reaigewere purchased as described in
section 5.2.2.1.

5.4.2.2 Preparation of the standard curve

As described in section 5.2.2.2

5.4.2.3 Animals

Animals were housed and maintained as describagpendix one.

5.4.2.4 Drug treatment

This was performed as described in section 4.2.2.3

5.4.2.5 Homogenate preparation

On the day of the experiment, striatal samples wbeved on ice, weighed and
homogenized (5 % m/v) in ice cold 0.1 M PBS, pH iné glass teflon homogenizer.

The homogenate was then used immediately for theyas
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5.4.2.6 Nitroblue tetrazolium assay

A modified method by Dast al. (1990) was used for this assay.
The assay was conducted as described in sectio®.&.2he only difference was that
due to the small size and mass of the striatum alaemvolume of striatal homogenate

(0.50 ml) was used for the assay. In addition i® o exogenous DA or SEL was added

to the homogenate.

5.4.2.7 Statistical analysis

As described in section 2.3.2.5.

5.4.3 RESULTS

Figure 5.8 shows that the acute administration@fé&sults in a significant rise in striatal
0O, formation (p < 0.01) compared to the control valudowever, the co-treatment of
rats with SEL in combination with LD was able taluee the LD enhanced generation of
O". Furthermore, the administration of SEL alone ahle to decrease the generation of
O," below control values (p < 0.001).
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Figure 5.8: The effect of acute LD and SEL treatment on endoger}” formation.
Each bar represents the mean + SD (n = 5). ns @0%), * (p < 0.01) and
*** (p < 0.001) compared to the control values; @ € 0.01) compared to the LD

treatment group.

5.4.4 DISCUSSION

The results of this study show that the systemimiastration of LD results in a
significant increase in £. Whether this increase is caused by LD itself erause it is
metabolized to DA, which may in turn lead to thenfation of 6-OHDA is unclear. All
three of these compounds (LD, DA and 6-OHDA) arevkm to generate a number of
different free radicals, including Oduring their auto-oxidation. In addition to thisete
agents have all been shown to inhibit specific comemts of the mitochondrial

respiratory chain, the main source of @roductionin vivo.
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Superoxide dismutase (SOD) provides the first ihdefense against oxidative stress by
catalyzing the dismutation of 0 into H,O, and Q. H,0O, is also formed during the
MAO catalyzed metabolism of DA (figure 5.9).,6 is normally a harmless cellular
metabolite that is converted to water by catalas¥a selenium-dependent glutathione
peroxidase (Jaiet al, 1991). In the brain glutathione peroxidase issiderably more
important than catalase because of the low actofitthe latter enzyme in most parts of
the CNS (Jairet al, 1991). In the presence of¥ehowever, HO, can be converted via
the Fenton reaction to *OH, a much more reactivetemsue damaging species thagi.O
Since the systemic administration of LD increasgs formation in the striatum it could
theoretically also result in an increase in sthibtalroxyl radical formation. This will be

investigated in the following chapter.

L-Dopa Dopa-Decarboxylase ’_ Dopamine + CO )

Dopamine + O,+ H) __MAQOR 3, 3 Dihydrosyphenyl-acctaldehyde  +NH,+HD,

Hzﬁf 2Reduced glutathione _Glutathione Peroxidase 3. Oxidised glutathione +2HP
F¢++ ’ F¢+++

*OH + OH
Figure 5.9: The generation of 4D, and *OH after the administration of LD (Ebadlial,
1995)

The results of the present study show that SEltrtreat is able to suppress striatal O
production below that of control values. In additito this, the combined treatment of
rats with LD and SEL results in significantly low&s™ production compared to that
observed in rats receiving only LD. Some of thesfile reasons for this reduced O
production by SEL have been enumerated in the puevexperiment, however another
possible reason is that SEL may be involved inupeaegulation of @ metabolizing
systems. For example, Knoll (1988) reported thatgtbchronic administration of SEL
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(2 mg/kg) i.p. for three weeks resulted in a tela-fimcrease in soluble SOD activity,
exclusively in the striatum. Other researchers haperted smaller increases in soluble
SOD activity induced by SEL (Carrillet al, 1991; Clowet al, 1991). However, an
increase in the activity of SOD would result in ianrease in the conversion ot 0to
H,O,. The produced D, could then result in an increase in *OH productimn
participation in the Fenton reaction. An increas&OD could therefore indirectly result
in an increase in *OH formation. Increased SODvdgtwould therefore not be expected
to offer neuroprotection unless the activities affatase or glutathione peroxidase, which
convert hydrogen peroxide to water, were also esxd. Studies have shown that SEL
has no effect on the activity of glutathione pedasie but elevates catalase activity
(Carrillo et al, 1991; Pattichigt al, 1995). However, the elevation of catalase agtivi
was shown to occur at doses somewhat higher tlese theeded for MAO-B inhibition.
The following chapter will therefore investigate ether the doses of SEL used in the

present study elevate or reduce the striatal ptamuof «OH.
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CHAPTER SIX

HYDROXYL RADICAL FORMATION

6.1 INTRODUCTION

Cytotoxic polyphenols and reactive oxygen spedesh as superoxide anion radicals
(O.") and hydroxyl radicals (*OH), formed within catedmine neurons during the
auto-oxidation of DA and other brain catecholaminess been implicated as causal or
contributing factors in Parkinson’s disease (Obat)2). A major concept concerning
(per)oxidations of lipids, proteins, nucleic acided other important biomolecules
mediated by ROS, centers on the activity of the «@#ical, the most reactive oxygen
species generated via the iron-catalyzed FentarioeaFloyd and Lewis, 1983, Aust
al., 1993) or alternatively via nitric oxide relatesechanisms (Hammeat al, 1993).
Neuroprotective mechanisms against catecholamineeteROS include the enzymatic
degradation of kD, by catalase and glutathione peroxidase, scavengingOS by
antioxidant molecules such as ascorbate and redgicégthione, alternative metabolic
pathways that reduce or prevent the ability of dadéamines to undergo auto-oxidation
and redox cycling and the synthesis of neuromelaiith may sequester reactive metal
ions, trap ROS and act as a redox buffer against tealucing and oxidizing molecules
(Nappi and Vass, 1998)

Electron spin resonance (ESR) trapping (feowal, 1989) and aromatic hydroxylation
assays (Halliwellet al, 1989) provide the most specific and direct meaments of
reactive oxygen species (ROS). Using biologicalyevantin vitro «<OH generating
systems it was demonstrated (Richmatdal, 1981) that salicylate could trap *OH to
form 2,3-dihydroxybenzoic acid (2,3-DHBA, = 49 9%?2,5-dihydroxybenzoic acid
(2,5-DHBA, = 40 %) as well as catechol ( + 11 %)¢Gtveld and Halliwell, 1986).
Since these studies, *OH formation has also beessiigatedin vivo by using either

intracerebral or systemic administration of salicgicid as a *OH trapping agent.
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The scavenging of *OH by DA results in the formatiof 6-OHDA, 5-OHDA and
2-OHDA. The scavenging of *OH by DA may protectrbadecules from the damaging
effects of this radical. However, both DA and 6-O&lbave the potential to enhance
*OH formation during their auto-oxidation and metigm. This chapter investigates the
net effect of DA on «OH generation by the Fentosteyn using a rapid and sensitive
HPLC-ECD method for the simultaneous detection ¢8-DHBA, 2,5-DHBA and
catechol (CAT). Chapter 4 showed that intraperiéra@ministration of LD results in a
significant elevation of striatal DA levels. Thefegft of DA on «OH generation by the
Fenton systenn vitro was therefore compared to the effect that LD adstration had
on *OH productionn vivo. In each study SEL was used to examine its ahitityrap
*OH. SEL contains a phenyl ring and studies indidhgt it should be able to trap «OH
but that its ability to provide protection depengi®n the biological target (Thomesal,
1997).
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6.2 EFFECT OF DOPAMINE ON HYDROXYL
RADICAL GENERATION VIA IRON MEDIATED
FENTON CHEMISTRY IN VITRO

6.2.1 INTRODUCTION

Chapter 2 demonstrates that DA is able to scave@¢ produced via the Fenton
reaction to form 6-OHDA. Scavenging of «OH by DAs@lresults in the formation of
2-OHDA and 5-OHDA which are not cytotoxic (SlivkadcaCohen, 1985). However, DA
and 6-OHDA also have the capacity to generate fiteis radical during their auto-
oxidation and metabolism. Therefore, in an attetof@ssess the potential of DA to cause
oxidative stress, this study investigates wheth&riihibits or enhances hydroxyl radical
generation under Fenton conditions. This study alsestigates the effect of ascorbic

acid on the capacity of DA to generate *OH undentdie conditions.

6.2.2 MATERIALS AND METHODS

6.2.2.1 Chemicals and reagents

DA hydrochloride, sodium salicylate, 2,3-dihydroeylzoic acid (2,3-DHBA),

2,5-dihydroxybenzoic acid (2,5-DHBA) and catechGIAT) were purchased from the
Sigma Chemical Corporation, St. Louis, MO, USA. ED&and ferrous sulfate were
purchased from Merck, Darmstadt, Germany. All otbleemicals were of the highest

quality available from commercial sources.
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6.2.2.2 Hydroxyl radical generating system

The Fe(ll)-EDTA/HO, system was used as the *OH generating system.«Ohkk
generating components were prepared by using tffeviog sequence of additions and
final concentrations of reagents: water, phospbateer (final concentration 50 mM, pH
7.4), hydrogen peroxide (100 uM), EDTA (240 uM) aedrous sulfate (200 puM).
Incubations with varying concentrations of DA w@erformed at 22 °C for a period of
two hours. At various time periods (20, 40, 60,89@ 120 minutes), aliquots (0.1 ml) of
reaction mixture were removed and quenched in 0.8fncte cold 0.1 M HCIQ. The
effect of ascorbic acid concentration on «OH forgratby DA was evaluated by adding
various concentrations (0.01, 0.1, 1 mM) of ascerlizefore the addition of DA. In
reaction mixtures containing 0.1 mM and 1 mM ofaabate aliquots of 0.01 ml rather
than 0.1 ml were removed from the reaction mixamd quenched in 0.99 ml of ice cold
0.1 M HCIQ.. The samples were analysed for the three formkcyksde hydroxylation
products 2,3-DHBA, 2,5-DHBA and CAT using high pmrhance liquid

chromatography with electrochemical detection. Fiesults are expressed as nmol/ml.

6.2.2.3 Instrumentation

As described in section 2.2.2.3

6.2.2.4 Chromatographic conditions

Separation was achieved using an Ultrasphere C1880R analytical column

(5 um, 250 x 4.6 mm). Each liter of mobile phasetamed 1.5 g heptane sulfonic acid,
0.1 g of EDTA, 3 ml of triethylamine and 125 ml atetonitrile dissolved in Milli-Q
water. The pH of the solution was adjusted to 2t8 & ml of phosphoric acid before the
addition of the acetonitrile (Obata and Yamanalk®6). The mobile phase was degassed
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twice using a 0.45 um membrane filter prior to uBee flow rate was 0.8 ml/min, and

the electrodetection was performed at 0.65 V. Resue expressed as nmol/ml

6.2.2.5 Statistical analysis

The differences in the means were analysed usimmnea way analysis of variance
(ANOVA) followed by the Student Newman-Keuls MulgpRange Test. The level of

significance was set at p < 0.05.

6.2.3 RESULTS

Hydroxyl radical generation by the Fe(l)-EDTAM, system (Fenton reaction)
employed throughout this investigation was lineghwime for at least 2 hours. Figure
6.1 is a series of chromatograms showing thaterptesence of DA, «OH generation was
found to be enhanced in a concentration-dependanter. In incubations containing as
little as 20 nmol (0.002 mM final concentration) @®A, *OH production was
approximately double that observed in control neast lacking DA. In incubations
containing 50 nmol (0.005 mM final concentratiof)@A, «OH formation was nearly

three times higher than the control values.
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Figure 6.1: Representative chromatograms showing the condemradependent
enhancing effect of DA on the production of «OHHBNton chemistry (0.1 ml aliquots of
the reaction mixture where quenched in 0.9 ml df M HCIO,.) The products of
salicylate hydroxylation (2,3-DHBA, 2,5-DHBA and QA are indicators of <OH

production.

Figure 6.2 shows the formation of the hydroxylatpmoducts of salicylate (2,3-DHBA,
2,5-DHBA and CAT) with time in the Fe(Il)-EDTAA4D, system.
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Figure 6.2: The formation of 2,3-DHBA, 2,5-DHBA and CAT withntie in the
Fe(l)-EDTA/H,O, system in the absence and presence of DA (20 nmaob@ nmol).
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The addition of ascorbic acid to the reaction migttesulted in a pronounced increase in
hydroxyl radical formation, however the ascorbidaeduced the rise in *OH production
induced by DA and at a concentration of 1 mM, tkeoabic acid prevented the DA
induced rise in *OH production completely (fig&@8, 6.4, 6.5 and 6.6).
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Figure 6.3: Representative chromatograms showing the effeetsobrbate on the DA
enhanced production of «OH by Fenton chemistry (0n@ aliquots of the reaction
mixture where quenched in 0.99 ml of 0.1 M HE)O
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Figure 6.4: The formation of CAT with time in the Fe(ll)-EDTAMD, system after the
addition of ascorbate (0.01 mM, 0.1 mM and 1 mM).
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Figure 6.5: The formation of 2,5-DHBA with time in the Fe(I)EF A/H,0, system after
the addition of ascorbate (0.01 mM, 0.1 mM and 1)mM
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Figure 6.6: The formation of 2,3-DHBA with time in the Fe(II)EF A/H,0, system after
the addition of ascorbate (0.01 mM, 0.1 mM and 1)mM
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6.2.4 DISCUSSION

The results of this investigation establish that Bignificantly enhances the production
of «OH by the Fenton system vitro. It is interesting to note that similar resultsreve
previously obtained with 6-OHDA (Méndez-Alveret al, 2001). Although chapter 2
demonstrates that DA has the potential to trap ,present report of the ability of
DA to generate this free radical under the samelitions suggests that the scavenging of
*OH by DA to form 2-OHDA, 5-OHDA and 6-OHDA is uRkly to have any

neuroprotective effects under Fenton conditions.

The enhanced *OH production may be a consequentieedduto-oxidation of DA, as
well as any 6-OHDA formed during the course of éperiment. The generally accepted
mechanism for the production of «OH during the amtalation of DA is the following
(Li et al, 1995):

Catechol + @— SQ+ + Q~ (Equation 6.1)
SQ+ + Q — quinone + @" (Equation 6.2)
Catechol + @ + H" — SQe + BO, (Equation 6.3)

Catechol containing compounds, such as DA and 6-@Hie oxidized by oxygen
(equation 6.1) to yield an intermediary semiquino(f®Q¢) and eventually the
corresponding ortho-quinone (equation 6.2). Supdeoxadical anions (©) are formed

during both these reactions. Thesg @lso oxidize DA and 6-OHDA, in which event
H.O.is formed (equation 6.3). 4, participates in the Fenton reaction (equation ®4)

finally give *OH.

The substantial increase in *OH generation after dddition of DA to the Fenton
reaction is also probably a consequence of thatyaluf iron to catalyze the above
mentioned auto-oxidation of DA according to theldaling mechanism (Linert and
Jameson, 2000):
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Fe* + H,0, —» FE* + OH + «OH (Equation 6.4)
Fe’* + Catechol- F&* + SQe (Equation 6.5)
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Figure 6.7: Reaction mechanism by which ¥ecatalyses the auto-oxidation of DA

(Hermida-Ameijeiraset al, 2004).

The Fé*formed in this way could then also be free to pipéte in the Fenton reaction.
Iron binding studies will be done in a later chapteinvestigate whether this ¥ds free

to participate in the Fenton reaction or whethés hound by DA. Any 6-OHDA formed
during the course of the experiment would also uwléon-catalyzed auto-oxidation in
the same way, however the rate of auto-oxidatioB-0fHDA is likely to be even faster

than that for DA.

The above hypothesis is supported by the factthi@abDA induced rise in «OH production
by the Fenton system is inhibited in a concentratiependent manner by the addition of
ascorbic acid to the system. The addition of ascatid results in a profound increase in
the overall production of *OH by the Fenton systéns is best understood by the ability
of ascorbate to promote the recycling of iron frisgrferric to ferrous states, however the
ascorbic acid prevents the rise in «OH caused Ay This effect is probably due to the
fact that ascorbic acid inhibits the auto-oxidat@inDA and 6-OHDA and therefore
prevents the rise in *OH formation associated witie auto-oxidation of these

compounds, when present at high enough concentsatio
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Chapter 4 showed that LD administration resultsaimsignificant rise in striatal DA
content, this together with relatively high levelsiron and HO; in the striatum may
result in a significant rise in *«OH production. $hnvestigation also shows that any
detectable rise in *«OH levels induced by exogentls administration is highly
dependent on local tissue ascorbate levels. Tlextefif LD administration on striatal

*OH productionin vivo will be investigated in a following experiment.

141



Hydroxyl Radical Formation

6.3 EFFECT OF SELEGILINE ON HYDROXYL
RADICAL FORMATION VIA IRON MEDIATED
FENTON CHEMISTRY IN VITRO

6.3.1_INTRODUCTION

PD is typified by a significant loss of DA in thegrostriatal pathway. In an effort to
maintain brain DA levels, prevention of the catadul of DA by MAO-B led to the
development of SEL, a selective irreversible intobiof the enzyme (Thomast al,
1997). However, evidence has also been present¢GHL may protect the brain from
oxidative insult by virtue of its antioxidant adty (Chiuehet al, 1994 and Thomast
al., 1997). Chapter 2 showed that SEL was able tpresp the formation of 6-OHDiA
vitro. This effect may be a consequence of its *OH saguagnproperties. This study
investigates the «OH trapping ability of SEL by @stigating the effect of SEL on *OH
formation by Fenton chemistry as well as examinihg effect of SEL on the DA

enhanced generation of *OH by this system obsearnvdt previous study.

6.3.2_ MATERIALS AND METHODS

6.3.2.1 Chemicals and reagents

SEL hydrochloride, DA hydrochloride, sodium saletd, 2,3-dihydroxybenzoic acid
(2,3-DHBA), 2,5-dihydroxybenzoic acid (2,5-DHBA) @iCAT were purchased from the
Sigma Chemical Corporation, St. Louis, MO, USA. ED@and ferrous sulfate were
purchased from Merck, Darmstadt, Germany. All otbleemicals were of the highest

guality available from commercial sources.
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6.3.2.2 Hydroxyl radical generating system

The same Fe(ll)-EDTA/FD, system used in the previous experiment was usdteas
*OH generating system. The «OH generating companeste prepared as described in
section 5.2.2.2. Incubations with varying concerdres of SEL were performed at 22°C
for a period of two hours. At various time perio@®, 40, 60, 90 and 120 minutes),
aliquots (0.1 ml) of reaction mixture were removaet quenched in 0.9 ml of ice cold
0.1 M HCIQ,. The effect of SEL on enhanced *OH formation oetl by DA was
evaluated by adding various concentrations (0.1 ML mM) of SEL before the
addition of DA. The samples were analysed for tited formed salicylate hydroxylation
products 2,3-DHBA, 2,5-DHBA and CAT wusing high pmrhance liquid

chromatography with electrochemical detection. Fiesults are expressed as nmol/ml.

6.3.2.3 Instrumentation

As described in section 2.2.2.3

6.3.2.4 Chromatographic conditions

As described in section 6.2.2.4

6.3.2.5 Statistical analysis

As described in section 6.2.2.5
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6.3.3 RESULTS

Figure 6.8 is a series of chromatograms showingwhan 10 pmol of SEL was added to
the reaction mixtures containing Fe(ll)-EDTA®, *OH production is diminished

significantly relative to control incubations witlfoSEL (p < 0.001).
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Figure 6.8: Representative chromatograms showing the effe&Edf on the production
of *OH by Fenton chemistry (0.1 ml aliquots of tieaction mixture where quenched in
0.9 ml of 0.1 M HCIQ.)
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By taking into account the formation of 2,3-DHBA5Z2DHBA and CAT, results show
*OH production by Fe(Il)-EDTA/bD, to be reduced by approximately 22 % in
mixtures containing 10 umol of SEL (final concetibm: 1 mM). Reaction mixtures
containing 1umol of SEL (final concentration: 0.1 mM) showed significant reduction
in *OH production relative to control incubatioi$gure 6.9 shows the formation of the
hydroxylation products of salicylate (2,3-DHBA, Z@#IBA and CAT) with time in the
Fe(IN-EDTA/H,O, system in the presence and absence of differemtecrations of
SEL.
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Figure 6.9: The formation of 2,3-DHBA, 2,5-DHBA and CAT withnte in the
Fe(l)-EDTA/H,O, system in the absence and presence of SlIm@ and 10 pumol)
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Figure 6.10 is a series of chromatograms showiagttte addition of 10 umol of SEL to
reactions mixtures containing 50 nmol of DA togethdth the Fe(ll)-EDTA/HO,
complex results in a significant decrease in +Olddpction relative to incubations

without SEL (p < 0.001).
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Figure 6.10: Representative chromatograms showing the effec¥f on enhanced
production of «OH induced by DA (0.1 ml aliquots tife reaction mixture where

guenched in 0.9 ml of 0.1 M HCIQ
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Analysis of 2,3-DHBA, 2,5-DHBA and CAT formation ew time showed that the
enhanced production of «OH induced by the addit@n50 nmol of DA to the
Fe(I)-EDTA/H,O, reaction system is reduced by approximately 40 %naubation
mixtures containing 10 pumol of SEL (figure 6.11heTaddition of lumol of SEL (final
concentration: 0.1 mM) to the same system resutiedo significant change in «OH

production.
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Figure 6.11: The effect of SEL on the increased formation ofRF3BA, 2,5-DHBA and
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6.3.4 DISCUSSION

The results of this investigation demonstrate tBat. can trap *OH. The results also
show a greater inhibition of «OH formation (appmogitely 40 %) by SEL in Fenton
reaction mixtures containing DA than those lackingy (approximately 20 % inhibition).

This observation suggests that SEL may interfeta tie iron catalyzed auto-oxidation

of DA. The iron binding properties of SEL will beviestigated in a later chapter.

The trapping of «OH may account for the decreas&@HDA formation observed after
the addition of SEL to reaction mixtures in chaf@eHowever, it should be mentioned
that relatively high concentrations of SEL (1 mM rapre) are needed to inhibit «OH
formation by Fenton chemistry and that it therefappears that SEL is only moderately
reactive with «OH. Given the extreme reactivitye@H it is not surprising that SEL can
trap this radical. Whether or not the antioxidamtivity of SEL has biological
significance will be addressed by evaluating theatfof SEL on «OH induced damage to

lipids, proteins and antioxidant enzymes in chapsewven, eight and nine.

In addition to its direct free radical scavengirgivaty, SEL exerts a number of other
neuroprotective actions vivo. Inhibition of MAO-B diminishes the formation of,B;
formed during the metabolism of DA. In addition ttus, SEL has the ability to up-
regulate antioxidant enzymes, such as catalasswgmetoxide dismutase (Carrilét al,
1991, 1992; Thomast al, 1997). The effect of SEL on «OH formation in sgteaatum of
male Wistar rats, both on its own and in combimativith LD treatment will be

investigated in the following experiment.
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6.4 EFFECT OF L-DOPA AND SELEGILINE
TREATMENT ON STRIATAL HYDROXYL
RADICAL FORMATION 1IN VIVO

6.4.1 INTRODUCTION

LD is the primary, most effective and most widelsed drug in the treatment of PD
(LeWitt, 1989). However, the debate about the ftbxiof LD to dopaminergic neurons
has not yet been resolved and has led some chisi¢@adelay the commencement of LD
therapy (Fahn, 1996; Jenner and Brin, 1998). Seweraitro studies have shown that
LD is toxic to dopaminergic neurons in culture (Mest al, 1992, 1993; Mytilineoet
al., 1993; Pardcet al, 1995a). This toxicity has been attributed to pmeduction of
hydrogen peroxide and oxygen free radicals gengtat®ugh the metabolism and auto-
oxidation of LD and DA (Graharat al, 1978, Haret al, 1996). Even though numerous
in vitro studies have reported LD induced oxidative steess toxicity to dopaminergic
neurons, few studies have investigated the geoerati oxygen free radicals following
LD administrationin vivo (Fahn, 1996). This study investigates whether adiide
administration results in enhanced hydroxyl radigaheration in the striatum of male
Wistar rats. The study also investigates the ei®@&EL on striatal «OH formation. We
used the technique ah vivo salicylate trapping for detecting *OH formationheTl
reaction of «OH with salicylate results in the fatmon of 2,3-DHBA and 2,5-DHBA.
2,5-DHBA can also be generated by the cytochrom®Rgstem (Halliwelet al, 1991)
and 2,3-DHBA is therefore considered to be a mpeeific marker of *OH generatidn
vivo than 2,5-DHBA.
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6.4.2 MATERIALS AND METHODS

6.4.2.1Chemicals and reagents

L-3,4-dihydroxyphenylalanine (LD), benserazide hoaiioride, SEL hydrochloride,
sodium salicylate, 2,3-DHBA, 2,5-DHBA, CAT, noreppherine (NE) homovanillic acid
(HVA), 3,4-dihydroxyphenylacetic acid (DOPAC), S5drpxytryptamine creatinine
sulfate (5-HT) and 5-hydroxyindole-3-acetic acidHEAA) were purchased from the
Sigma Chemical Corporation, St. Louis, MO, USA. éaiher chemicals used were of the

highest available purity.

6.4.2.2 Animals

Adult male Wistar rats were used in this study avete housed and maintained as

described in appendix one

6.4.2.3 Drug treatment

Rats were treated as described in section 4. Hd®&ever, on the 8day, two hours prior
to killing, all animals received an intraperitonaajection of 300 mg/kg of sodium
salicylate. At 120 minutes following the salicykcid injection rats were sacrificed by
cervical dislocation, followed by decapitation. Téteatum of each rat was dissected out

from each hemisphere of the whole brain, frozeliginid nitrogen and stored at -70.
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6.4.2.4 Preparation of tissue for HPLC analysis

On the day of the experiment, the striatal samplese thawed on ice, weighed and
sonicated (50 Hz for 60 s) in ice cold 0.1 M HEIQA mg of tissue in 1Ql). The
sonicated samples were then centrifuged at 10 0§@ox 15 minutes using a bench top
centrifuge. The supernatant (R was injected directly into the HPLC-ECD systeon f

analysis.

6.4.2.5 Instrumentation

As described in section 2.2.2.3

6.4.2.6 Chromatographic conditions

Separation was achieved using an Ultrasphere C1880R analytical column

(5 um, 250 x 4.6 mm). The mobile phase consistednofiqueous solution of 0.1 M
sodium acetate trihydrate, 6 % methanol, 19.5 nmgdctyl sodium sulfate and 15 mg/L
of EDTA (Sloot and Gramsbergen, 1995) and was deghs$wice using a 0.45 um
membrane filter prior to use. The flow rate was @l8nin, and the electrodetection was
performed at 0.65 V (Sloot and Gramsbergen, 1988&).&amounts of methanol and
n-octyl sodium sulfate were critical for achieviggod separation and needed at least 8
hours (or overnight) equilibration with the coluntmsrecycling the mobile phase.

6.4.2.7 Statistical analysis

As described in section 2.3.2.5.
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6.4.3 RESULTS

Figure 6.12 shows the separation of 2,5-DHBA, 2t38A and CAT from the
neurotransmitters NE, DA and 5-HT and their meti®IDOPAC, HVA and 5-HIAA.
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Figure 6.12: Chromatogram showing the separation of 2 pmol déreal standards,
including NE, 2,5-DHBA, 2,3-DHBA, DA, DOPAC, CAT,-BT, 5-HIAA and HVA
using electrochemical detection at 0.65 V. Salcydicid was not oxidized at this

potential.

Table 6.1 shows the concentrations of 2,5-DHBA 2/3dDHBA in striatal samples after
the control and drug treated rats were injectedwigh sodium salicylate (300 mg/kg)

and killed 120 minutes later. CAT was not detedtetthe striatal tissues.
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Table 6.1: Striatal concentrations of 2,3-DHBA and 2,5-DHBAldwving intraperitoneal

administration of salicylic acid in saline, LD, SBhd (LD + SEL) pretreated rats.

Treatment 2,5-DHBA 2,3-DHBA
(Twice daily) (pmol/g) (pmol/g)
Saline (control) 128.8 £ 24.5 36.5+11.1
LD (10 mg/kg) 107.7 + 26.7 26.3 6.1
SEL (2.5 mg/kg) 103.9 + 28.2 28.7 + 8.9
LD (10 mg/kg) 98.5 + 26.4 25.4 +10.4

+ SEL(2.5 mg/kg)

Concentrations of 2,3-DHBA and 2,5-DHBA did notfdif significantly among the four

treatment groups studied.

6.4.4 DISCUSSION

Striatal concentrations of 2,5-DHBA were higherrttiaose of 2,3-DHBA, as expected
(Althaus et al, 1995; Campet al, 2000). The reason for this difference can most
probably be attributed to the formation of 2,5-DHBAthe periphery by hydroxylation
of salicylic acid by the cytochrome P450 systeme Pib-DHBA formed in this way can
then be transported to the brain via the circulasystem (Halliwellet al, 1991).

The results of the study indicate that the acutaiadtration of LD does not result in a
detectable increase in striatal *OH productiorvivo. The results of the study contrast
with those of a previous study (Smigh al, 1994), which found that the production of

*OH in thesubstantia nigravas enhanced by the acute administration of hagesl of
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LD (200 mg/kg). It must be mentioned however tlng tdoses of LD used in this study
were extremely large compared to the average db&® @dministered to PD patients
(approximately 10 mg/kg/day). A microdialysis study Obata and Yamanaka (1996)
also reported an elevation of both 2,3-DHBA and-RHBA when LD (0.1 mM) was
infused in the rat brain through a microdialysisol@. However, a subsequent
microdialysis study could not confirm these res@iampet al, 2000). Except for the
two studies mentioned above there are no otherignda reports indicating that the
systemic administration of LD results in increa®€@H formation in the striatum of
nonlesioned animals; there are however numerouasestto the contrary (Loeffleat al,
1994; Ogawaet al, 1994; Campt al., 2000).

LD is capable of producing #, and reactive oxygen species by decarboxylation by
L-amino acid decarboxylase to DA and subsequendabixie deamination of DA to
DOPAC and HVA by MAO or by the auto-oxidation of O&rahamet al., 1978). SEL,
would inhibit the formation of kD, by inhibiting the breakdown of DA and also has
direct free radical scavenging activity (as demiatet in the previous experiment).
However, the present study shows that SEL is un@bsippress *OH formation below
control levels. The reason for this may be that ¢éimelogenous antioxidant systems

already present in the striatum may have maskedrthexidant effect of SEL.

As observed in chapter 4, the dose of LD usedighgfudy would be expected to increase
DA content in the striatum. If an increase in DAcentration and turnover produce an
oxidative stress, as suggested by some studiese(Caid Spina, 1989), then an increase
in 2,3-DHBA in the present study could have beepeeked. A possible explanation as to
why LD treatment did not result in increased sali&,3-DHBA and 2,5-DHBA is that
normal striatal tissue may possess sufficient aitemt defense mechanisms to prevent a
rise in *OH levels. However, a study by Campal (2000) reported that levels of
2,5-DHBA and 2,3-DHBA did not increase after acoterepeated LD administration
(50 mg/kg) in rats with a 6-OHDA denervated stnmjundicating that even after severe
damage, the striatum retains sufficient defense@gpto prevent an increase in *OH

formation. A variety of other factors must alsothken into account in the treatment of
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PD with LD. It is possible that other defects ass®d with PD, such as reduced
mitochondrial enzyme complex | activity, GSH defiecy and increased concentrations
of iron in the substantia nigraand the striatum (Fahn and Cohen, 1992; Jenner and
Olanow, 1998) may increase the likelihood that meraase in DA levels induced by
chronic LD therapy would result in oxidative stre8sother important consideration is
that there are higher concentrations of iron inrtlygostriatal DA neurons in humans, as

opposed to rats (Connor and Benkovic, 1992).

Although the results of this study suggest thatddes not increase formation of «OH in
rat striatal tissue, LD may be toxic owing to otheechanisms. For example, the toxicity
of LD and DAIn vitro is thought to be due, in part to the productiorioxic quinones
and semiquinones formed during the auto-oxidatibthese molecules. LD may also
cause oxidative damage by depleting GSH (Sperateral, 1995), potentiating
excitotoxicity (Olneyet al, 1990), or by inhibiting mitochondrial respiratigCooperet
al., 1995).

Other mechanisms by which LD may exert a neuroteffiect, besides *OH production

will be investigated in future chapters.
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CHAPTER SEVEN

LIPID PEROXIDATION STUDIES

7.1 INTRODUCTION

Biological membranes are vital to the life of cellacluding neurons. The plasma
membrane surrounds the cell and maintains the esisdifferences between the cytosol
and the extracellular environment. Inside the tiel membranes of the endoplasmic
reticulum, mitochondria and other membrane boundedanelles maintain the

characteristic differences between the contentshefe organelles and the cytosol.
Membranes are dynamic, fluid structures that haveadety of different functions.

Membranes function as permeable barriers for thectee transport of molecules into

and out of the cell, are responsible for the prdidncof ATP and also contain receptors
for the binding of regulatory molecules such asies, growth factors and in the case
of neurons, neurotransmitters to produce and trareectrical signals. The mechanical
properties of membranes are equally remarkable.ne cell grows or changes shape,
the cell membrane can deform without tearing arditexh of new membrane can occur
without membrane ever losing its continuity. If theembrane is pierced, it does not

collapse or remain torn but quickly reseals it§albertset al, 1994).

An important target of free radicals is the polyatnsated fatty acids (PUFA) in
biological membranes. The peroxidation of thesgurmdaturated lipids is known as lipid
peroxidation and an important aspect of the prooééipid peroxidation is that it is self-
perpetuating and will proceed until all the sulistrss consumed or until termination
occurs (Montineet al, 2002). Lipid peroxidation may impair membranendtions,
increase ion permeability, reduce the membranelifiyiinhibit the signal transduction
over the membrane and inactivate membrane-bounghressz and receptors (Bast al,
1991). Electrophilic lipid peroxidation productscé as 4-hydroxy-2-nonenal (HNE) has
also been shown to covalently modify proteins (Qatiada et al, 2000), block
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mitochondrial respiration (Picklet al, 1999) and induce caspase dependent apoptosis
(Liu et al, 2000).

In the previous two chapters, DA and 6-OHDA werevsh to increase the formation of
0O," and *OHin vitro. In addition to this the systemic administratidrL® was shown to
increase @ productionin vivo. The generation of these free radicals, espectliy
may initiate the process of lipid peroxidation. Shuthis series of experiments
investigates the effect of DA and 6-OHDA on irol) {ihduced lipid peroxidatiom vitro
and the effect of systemic administration of LDimm (ll) induced lipid peroxidatiom
vivo. The previous experiments have also shown thatiS&ble to reduce £ and *OH
formation. This chapter will therefore also invgate the ability of SEL to protect lipids

against oxidative damage induced by ROS.

The thiobarbituric acid (TBA) assay was used toestigate the capacity of DA and
6-OHDA to enhance iron (Il) induced lipid peroximet The assay involves the reaction
of malondialdehyde (MDA), an end product of lipidrpxidation with two molecules of

TBA to yield a pink MDA-TBA chromagen (figure 7.1hat absorbs light at 532 nm and

is readily extractable into organic solvents sushbatanol (Halliwell and Gutteridge,

1989)
N OH H
SY b 0 KN\”/SH
N N
N SCH—CH=CH” N
OH OH
MDA-TBA complex

Figure 7.1: The structure of the pink MDA-TBA complex.
(http://www.genprice.com/tbars.hjm
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7.2 EFFECT OF DOPAMINE AND
6-HYDROXYDOPAMINE ON IRON (IN-INDUCED
LIPID PEROXIDATION IN RAT BRAIN

HOMOGENATE IN VITRO

7.2.1 INTRODUCTION

The auto-oxidation and MAO mediated metabolism afdnd 6-OHDA both involve the
generation of KO, a compound that can easily be reduced to form wOtHe presence
of F&*. This radical is considered to be the most dantpiiee radical for living cells
and results in the deleterious oxidation of impartdiomolecules. A potentially
devastating effect of «<OH on membrane lipids isaitdity to initiate the process of lipid
peroxidation by abstracting a hydrogen atom fronP@FA of a membrane lipid
(Halliwell, 1992). The previous chapter showed tbat can enhance the production of
*OH by the Fenton system (Fe(ll)-EDTA/B,). Chapter 2 also demonstrated that «OH
can convert DA to 6-OHDA. Studies have shown th&@HDA also enhances <OH
production by the Fenton system (Méndez-Alvageal, 2001).

The catalytic effect of iron to induce the autodation of DA and 6-OHDA and to form
ROS has been related to the pathogenesis of PiZkaee al,, 1995; Linertet al, 1996).
This hypothesis is strengthened by the increasddai developing PD in patients who
are exposed to transition metals during their oatiop (Wanget al, 1989; Seidleet al,
1996) and the increased levels of iron in the Siparkinsonian patients (Hirsat al.,
1991).

Postmortem investigations have consistently shawmerease in lipid peroxide levels in
the brains of parkinsonian patients (Dexdeal, 1989a; Jenneat al, 1992). In addition
to this, levels of HNE, an aldehyde formed durihg tipid peroxidation process is

increased approximately 6-fold in the SN of PD thsatompared to age matched control
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brains (Zhanget al, 1999). The present study therefore sought testigate the effect of
DA and 6-OHDA on lipid peroxidation induced by <Oldrmed during the Fenton

reaction.

7.2.2 MATERIALS AND METHOD

7.2.2.1 Chemicals and reagents

DA hydrochloride, 6-OHDA hydrobromide, 2-thiobadmic acid (TBA),

1,1,3,3-tetramethoxypropane and butylated hydrdugtee (BHT) were purchased from
Sigma Chemical Corporation, St Louis, MO, U.S.Aichloracetic acid (TCA) was
purchased from Saarchem, Johannesburg, South AER&A and ferrous sulfate were
purchased from Merck, Darmstadt, Germany. All otbleemicals were of the highest

quality available and were purchased from commedisaributors.

Stock solutions of DA and 6-OHDA were prepared iml4 KCI (pH 2.0) to prevent
their immediate auto-oxidation. Fresh stock sohgiof Fé* were prepared in deaerated
water immediately before each experiment to preeaitation of the F& to F€*. BHT
(0.5 mg/ml) was dissolved in methanol. TBA (0.33m#tv) was dissolved in Milli-Q
water and protected from light by covering the soluwith foil. TCA (15 % m/v) was
dissolved in Milli-Q water.

7.2.2.2 Preparation of the standard curve

The construction of a calibration curve for thisasis complicated by the fact that MDA
is very unstable and must therefore be preparedesiately before used by hydrolyzing
its derivatives 1,1,3,3-tetramethoxypropane or3l3ttetraethoxypropane (Halliwell and
Gutteridge, 1989). In this case, 1,1,3,3-tetrametpmpane was used to prepare the
standard curve. A series of reaction tubes, eanklaming appropriate concentrations of

1,1,3,3-tetramethoxypropane ( 5 — 50 nmol/ml atr®kml intervals) dissolved in PBS
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was prepared. The procedure described in secti@r2.8. was then followed. The
absorbance of the pink butanol fraction was theasueed at 532 nm using a Shimadzu
UV-160A UV-visible recording spectrophotometer. Alibration curve of absorbance

versus concentration was then plotted (appendix 4).
7.2.2.3 Animals

Animals were housed and maintained as describadpendix one.
7.2.2.4 Brain removal

Rats were sacrificed by cervical dislocation, foléml by decapitation, and the brains
were rapidly removed for use in experiments as rde=tt in appendix two. The brains
were either used immediately or stored at -70 % needed.

7.2.2.5 Homogenate preparation

Each brain was weighed and homogenized (10 % mAceicold 0.1 M PBS, pH 7.4 in a
glass teflon homogenizer. This is necessary togmelysosomal damage to the tissue.
The homogenate was then used immediately for theeyas

7.2.2.6 Lipid peroxidation assay

A modification of the method of Placet al (1966) was used in this experiment.

Rat brain homogenate (0.4 ml) was incubated aC3f0P5 minutes to reach the working
temperature. Then, hydrogen peroxide (100 uM), raste (100 uM), EDTA (240 uM)
and ferrous sulfate (200 uM) were incorporated thi® incubation (final volume 1 ml)
and the mixture incubated for 1 hour in an osailatvater bath at 37 °C. To investigate
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the effect of DA and 6-OHDA on lipid peroxidatioranous concentrations of DA or
6-OHDA (0.05, 0.1, 0.15, 0.20 and 0.25 mM) wereeatitb the incubation before the
addition of the ferrous sulfate. At the end of theubation period 0.5 ml of BHT
(0.5 mg/ml) and 1 ml of TCA (15 % m/v) was addegtevent the further amplification
of lipid peroxidation during the assay. The tubesewsealed and heated for 15 minutes in
a boiling water bath to release protein-bound ndikldehyde (MDA). To avoid
adsorption of MDA onto insoluble protein, the saegpivere cooled and centrifuged at
2000 x g for 15 minutes. Following centrifugatighml of the protein free supernatant
was removed from each tube and 0.5 ml of TBA (8@861/v) was added to this fraction.
The resulting mixture was then incubated at 95 ®Gn acidic pH for 1 hour. After
cooling to room temperature, 2 ml of butanol wademtland the resulting mixture was
shaken vigorously. After centrifugation at 2000 fog5 minutes the supernatant (butanol
layer) was measured at 532 nm using a Shimadzu &DA1UV-visible recording
spectrophotometer. For calibration, a calibrationve (as described in section 7.2.2.2)
was generated using the MDA derived from the aciddrdlysis of
1,1,3,3-tetramethoxypropane and the results areesged as nmol MDA/mg of tissue.

7.2.2.7 Statistical analysis

Results were analysed as described in section.2.3.2

7.2.3 RESULTS

As shown in figure 7.2 the analysis of MDA levedyvealed that the incubation of whole
rat brain homogenate at 37 °C for 1 hour in thesgmee of the Fenton system
(Fe(IN-EDTA/H,O, and ascorbate) provokes a marked increase in MR&ldecompared
to levels observed in control incubations (appratety a 16-fold increase in MDA
levels). The presence of either DA or 6-OHDA in theubation with the Fenton system
caused a significant and concentration dependamedse in the MDA content of the rat
brain homogenate. Both the 0.25 mM concentratioDAfand 6-OHDA resulted in an
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approximate 8-fold decrease in MDA levels. When Brd 6-OHDA (0.25 mM) were
added to the incubation in the absence of the IResystem, no significant increase in

MDA was detected compared to the control values.

W Dopamine
1 B 6-Hydroxydopamine
. 0.9 ~
S 08 -
&
= 0.7 A
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Figure 7.2: Effect of DA and 6-OHDA on lipid peroxidation indlpresence and absence
of the Fenton system. Each bar represents the mezd (n = 5). nsc (p > 0.05) and

# (p < 0.001) compared to control values; *** (901) compared to the Fenton system

group.
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7.2.4 DISCUSSION

The results of the present study show that thetiaddiof Fe(ll)-EDTA/HO, and
ascorbate (Fenton system) to whole rat brain homatgeprovokes a marked increase in
MDA levels. This is most likely due to the formatiof the highly reactive «OH radical
via the Fenton reaction. Iron can also participaté¢he formation of the hydroperoxyl

radical (HOOe) as follows:

FE + 0, > FE + O, (Equation 7.1)
0, + H <> HOO- (Equation 7.2)

In solution, Q™ exists in equilibrium with the hydroperoxyl radi¢elOOs), a far more
reactive and lipid soluble radical than"GReiter, 1998). In addition to this HOO- has a
higher rate of dismutation to B, than Q". The increased formation of,8, may
therefore also contribute to the generation of «@adthe Fenton reaction. Both «OH and
HOOe- are believed capable of initiating the procafspid peroxidation by abstracting a
hydrogen atom from an unsaturated lipid (LH) givingge to a lipid radical
(Le, Equation 7.3) (Aikens and Dix, 1991; GebickidaGebicki, 1993). The lipid radical
(Le) reacts with oxygen to form a peroxyl radicalOQe, Equation 7.4). The chain of
lipid peroxidation is sustained by the abstractidmydrogen atoms from adjacent lipids
by LOOQe, leaving behind a carbon centered radical a lipid hydroperoxide (LOOH)
(Equation 7.5).

Lipid peroxidation reactions

LH + «OH — L* + HHOOR LH + HOO*— L + H,O (Equation 7.3)
Le + O, — LOOe (Equation 7.4)
LOOe + LH— LOOH + Le (Equation 7.5)

The present study shows that DA and 6-OHDA resul significant and concentration

dependent decrease in lipid peroxidation stimuléethe Fenton system. The results of
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this study corroborate previous studies showing¢atecholamines such as DA, NE and
5-HT inhibit iron as well as iron-plus-ascorbatedia¢ed lipid peroxidation in rat brain
homogenate ( Zaleska and Floyd, 1985; Dosksl, 1991), liposomes (Spencet al,
1996), linoleic acid (Liu and Mori, 1993) and nmatmndria (Liu and Mori, 1993). Some
of these investigators postulate that the inhibitiof lipid peroxidation by these
catecholamines is due to both their ability to steype free radicals (particularly the
scavenging of @ and *OH) and to chelate iron, thereby slowing oevpnting iron
participation in the Fenton reaction. However, phevious two chapters contradict this
hypothesis since they demonstrate that both DAG@GIHDA have the ability to generate
0O," and *OH during their metabolism and auto-oxidatibhe generation of £ could
also result in an increase in the generation of HM&@ «OH (Q" providing the HO,
necessary for Fenton chemistry and by reducirij eFée™). It is therefore likely that
DA and 6-OHDA inhibit lipid peroxidation via a dédfent mechanism which does not

involve the direct scavenging of the above mentidinee radicals.

The most probable explanation is that the semiqien@dicals (SQ¢) produced during
the auto-oxidation of DA (figure 7.3) and 6-OHDA ynact as chain breaking
antioxidants by reacting with lipid radicals andeyenting the propagation of lipid
peroxidation as follows:

Le + «SQ— LH + Quinone (Equation 7.6)
LOse + «SQ— LOH + Quinone (Equation 7.7)
LOOQe + «SQ— LOOH + Quinone Eq(ation 7.8)

Termination of the free radical chain reactionipifd peroxidation occurs when two free

radicals destroy each other.
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Figure 7.3: Mechansim of DA auto-oxidation showing the formataf a semiquinone

radical in the rate limiting step (Linest al, 1996).

The hypothesis that the inhibition of lipid peroxidbn by DA may be a consequence of
the capacity of SQe to prevent the propagation ipid|peroxidation has also been

proposed by Hermida-Ameijeiras al (2004).
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7.3 EFFECT OF SELEGILINE ON IRON (ID)-
INDUCED LIPID PEROXIDATION IN RAT BRAIN
HOMOGENATE INVITRO

7.3.1INTRODUCTION

The previous two chapters show that SEL has théyatm reduce the formation of both
0O," and *OH. It is well established that *OH produd@edree solution can initiate the
lipid peroxidation process by hydrogen abstractibhere is also no reason why, O
dependent Fenton chemistry should not initiatepieeess of lipid peroxidation in the
same way (& providing the HO, necessary for Fenton chemistry and by reducirg Fe
to FE"). In addition to this, & can be protonated to form HOOe« which has also been
shown to initiate lipid peroxidation in purifiedtfg acid (Wills, 1966). By reducing the
formation of Q" and «OH, SEL should therefore be able to inhiipidl peroxidation
stimulated by Fenton chemistry.

The main aim of this investigation is to determivbether SEL can inhibit Fenton

stimulated lipid peroxidation in rat brain homogenan its own and whether it can
enhance the inhibition of lipid peroxidation by [j@bserved in the previous study).

7.3.2MATERIALS AND METHOD

7.3.2.1 Chemicals and reagents

SEL hydrochloride was purchased from Sigma Chen@caporation, St Louis, MO,
U.S.A. All other reagents were purchased as desttiiitb section 7.2.2.1
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7.3.2.2 Preparation of the standard curve

As described in section 7.2.2.2

7.3.2.3 Animals

Animals were housed and maintained as describagpendix one.

7.3.2.4 Brain removal

As described in section 7.2.2.4

7.3.2.5 Homogenate preparation

As described in section 7.2.2.5

7.3.2.6 Lipid peroxidation assay

A modification of the method of Placet al (1966) was used in this experiment.

The lipid peroxidation assay was carried out asmesd in section 7.2.2.6, except that
various concentrations of SEL (0.25, 0.5, 0.75 anehM) instead of DA or 6-OHDA

were added to the incubation prior to the additbthe ferrous sulfate.

In some cases, various concentrations of DA (0005, 0.15, 0.2 and 0.25 mM) were
incubated with either the lowest concentration §0y8M) or the highest concentration of
SEL (1 mM) to investigate whether SEL could enhaheedecrease in lipid peroxidation
induced by DA.
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7.3.2.7 Statistical analysis

Results were analysed as described in section.2.3.2

7.3.3 RESULTS

Figure 7.4 shows that the incubation of rat braambgenate with various concentrations
(0.25, 0.5, 0.75 and 1 mM) of SEL led to a decraasklDA levels in relation to the
amount of MDA found in rat brain homogenate explogethe Fenton system alone. The
1 mM concentration of SEL resulted in a £ 45 % dase in MDA levels compared to
the Fenton system group. However, it is also dlear higher concentrations of SEL are
needed to inhibit Fenton stimulated lipid peroxidaicompared to DA and 6-OHDA.
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Figure 7.4: Effect of SEL on lipid peroxidation in the presenmed absence of the
Fenton system. Each bar represents the mean = SB %) nsc (p > 0.05) and

# (p < 0.001) compared to control values; *** (001) compared to the Fenton system
group.
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Figure 7.5 shows that the incubation of rat braombgenate with SEL (0.25 mM)
enhances the ability of DA to inhibit lipid peroxitiion induced by the Fenton system
when DA is used at relatively low concentration0d#5 and 0.1 mM. However, when
higher concentrations of DA (0.15, 0.2 and 0.25 mid&re used in combination with
SEL (0.25 mM), the addition of SEL did not altee tRDA values obtained with the use

of DA alone.
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Figure 7.5: Combined effect of DA and SEL (0.25 mM) on lipidrgeidation in the
presence of the Fenton system. Each bar repretentsean £ SD (n = 5). # (p < 0.001)
compared to control values; @ (p < 0.001) compdredhe Fenton system group;
*** (p < 0.001) and nsd (p > 0.05) compared to teresponding DA group.

Figure 7.6 shows that the combined action of nethtilow concentrations of DA (0.05

and 0.1 mM) and SEL (1 mM) results in a greaterbiion of Fenton stimulated lipid
peroxidation than the use of DA (0.05 and 0.1 mMPBE&L (1 mM) alone. The results
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were therefore similar to those obtained with twedr concentration of SEL (0.25 mM)
shown in figure 7.5. Curiously, the ability of SEQ amplify the inhibition of Fenton
stimulated lipid peroxidation by DA is lost whening higher concentrations of DA
(0.15, 0.2 and 0.25 mM). In this case, the combmettbn of DA (0.15, 0.2 or 0.25 mM)
and SEL (1 mM) results in significantly (p < 0.00digher levels of MDA than those

obtained with the use of DA alone.
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Figure 7.6: Combined effect of DA and SEL (1 mM) on lipid pemation in the
presence of the Fenton system. Each bar reprethentsean £ SD (n = 5). # (p < 0.001)
compared to control values; @ (p < 0.001) compdredhe Fenton system group;
*** (p < 0.001) and * (p < 0.05) compared to themsponding DA group.
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7.3.4 DISCUSSION

As described in the previous experiment, the intabaof rat brain homogenate with the
Fenton system under physiological conditions of gerature and pH provokes a
significant increase in MDA levels. The presentdgtishows that the addition of
increasing concentrations of SEL to incubationg&ioimg the Fenton system results in a
significant decrease in lipid peroxidation. Thi€ase in lipid peroxidation is dependent
on the concentration of SEL used. However, lowerceatrations of DA and 6-OHDA
inhibit lipid peroxidation more so than the relaliy high concentrations of SEL used in
this study. This therefore demonstrates that SHess effective than DA or 6-OHDA at
inhibiting lipid peroxidation. The inhibition of pid peroxidation by SEL is probably a
consequence of the ability of SEL to inhibit thenfi@ation of toxic oxygen species such as
0O," and *OH that initiate the process of lipid peratidn. SEL could also decrease the
formation of HO, available to participate in the Fenton reaction iblibiting the
MAO-B catalyzed metabolism of endogenous monoam(pasgticularly DA) present in

the rat brain homogenate.

The present study also shows that the additionEif & incubations containing the
Fenton system and concentrations of DA below 0.1 amflances the ability of DA to
inhibit lipid peroxidation. This is to be expectbdcause SEL inhibits the formation of
ROS formed during the auto-oxidation and MAO-B na¢ell metabolism of DA.
However, a peculiar effect of SEL observed in tkimdy is that when higher
concentrations of DA were used (0.15 — 0.25 mM)dbmbined action of SEL and DA
resulted in higher levels of MDA than those obsdrue the presence of DA alone.
Higher concentrations of DA therefore appear to askna pro-oxidant effect of SEL.
This phenomenon may be a consequence of the sadgesmpacity of *OH to abstract a
hydrogen atom from the acetylenic MAO inhibitor SERryor, 1976) resulting in the
formation of a carbon centered radical in the SEiletule (SELe). Therefore, during the
scavenging of *OH SEL may be converted to SELe @fgu 7.9), which in turn may
eventually initiate the process of LP by abstrac@nhydrogen atom from a membrane
PUFA (Equation 7.10):

173



Lipid Peroxidation Studies

SEL-H + «OH— SELe (Equation 7.9)

SELe + LH— SEL-H + Le (Equation 7.10)

In this way the acetylenic group of SEL remainsaaattand SEL retains its MAO-B
inhibiting activity (Kalir et al, 1981; Fowleret al, 1982; Hermida-Ameijeirast al,
2004). At higher concentrations of DA, an increaseOH formation by the Fenton
system is expected to occur (as observed in theiqu® chapter). The scavenging of
these *OH by SEL may then result in the accumulatifctoxic levels of SELe which may

in turn initiate the lipid peroxidation process.

The next experiment will investigate the effectsyktemic administration of LD and

SEL, both separately and in combination with eatieroon striatal MDA levels.
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7.4 EFFECT OF L-DOPA AND SELEGILINE
TREATMENT ON IRON (ID-INDUCED LIPID
PEROXIDATION IN THE RAT STRIATUM _IN VIVO

7.4.1 INTRODUCTION

LD is the primary treatment for PD (LeWitt, 198®though the exact etiology of PD
has not yet been unraveled there is increasingeaud linking it to elevated levels of
ROS (Fahn and Cohen, 1992). Among the findingsegerts of increased lipid peroxide
levels in autopsy specimens of brains from parkireo patients (Dexteet al, 1989a;
Jenneret al, 1992) as well as an increased amount of irothexSN of PD patients
(Dexter et al, 1991; Soficet al, 1991). The intranigral infusion of ferrous cita
(2.3 - 8.4 nmol) results in an increase in lipidg@dation in the SN, increases DA
turnover in the caudate nucleus (Szirekal, 1998) and results in an elevation of tissue
iron levels (Sengstoaht al, 1993).

There has been concern that the use of LD in PDhintigntribute to the progression of
PD by enhancing oxidative stress. However, Ogatval (1994) reported that chronic
LD treatment does not increase lipid peroxidationthe striatum of normal (intact)
animals. Similarly, Dosteret al (1991) failed to detect enhanced lipid peroxilatin
rats treated with LD. In contrast, chronic admi@son of LD to animals with a lesioned
nigrostriatal DA system was found to increase lipgtoxides in the rat striatum in some
studies (Ogawat al,, 1994) but not others (Muret al, 1998).

The previous studies in this chapter have showni#aand even 6-OHDA inhibit Fé

induced lipid peroxidation. The main aim of thisdy is to investigate whether the i.p.
administration of LD results in an increase or ardase in the striatal lipid peroxidation
induced by the infusion of ferrous sulfate (10 nmiolo the striatum of male Wistar rats.

The study also investigates the effect of i.p. S&lministration, on its own and in
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combination with LD on the lipid peroxidation indaet by the intrastriatal infusion of

Fe,

7.4.2 MATERIALS AND METHODS

7.4.2.1 Chemicals and reagents

L-3,4-dihydroxyphenylalanine (LD), benserazide loghloride and SEL hydrochloride
were purchased from Sigma Chemical Corporationl.dtis, MO, U.S.A. All other

chemicals and reagents were purchased as desaribedtion 7.2.2.1.

7.4.2.2 Animals

Animals were housed and maintained as describadpendix one.

7.4.2.3 Drug treatment

Animals were injected intrastriatally with|2 of ferrous sulfate (5 mM) and dosed with
LD and SEL for 7 days as described in section 2332 Control rats received an
intrastriatal injection of physiological saline. @re morning after the last dose, rats were
sacrificed by cervical dislocation, followed by dedation. Brains were rapidly removed

and the iron infused striata of each rat were dieskfree and analysed for MDA.

7.4.2.4 Homogenate preparation

Each striatum was weighed and homogenized (5 % m/¢e cold 0.1 M PBS, pH 7.4.
This is necessary to prevent lysosomal damageetditeue. The homogenate was then
used immediately for the assay.
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7.4.2.5 Lipid peroxidation assay

A modification of the method of Placet al (1966) was used in this experiment. A

calibration curve was constructed as describeddtion 7.2.2.2.

The procedure in section 7.2.2.6 was followed ekt&g the incubation step at 37 °C for
1 hour was excluded. In addition to this, due ®gmall size and weight of the striatum a
smaller volume of homogenate was used for the a&&yml). Briefly, the homogenate
(0.5 ml) for each treated group was heated for frftutas with 0.25 ml of BHT (0.05 %)
and 0.5 ml of TCA (15 %) to release protein bounBA The procedure described in

section 7.2.2.6 was then followed and results apgessed as MDA (nmol/mg of tissue).

7.4.2.6 Statistical analysis

Results were analysed as described in section.2.3.2

743 RESULTS

Figure 7.7 shows that the injection of ferrous a@if(10 nmol) into the rat striatum
results in a significant increase in striatal MDéntent (p < 0.001). However, levels of
MDA in the Fé" + LD treated rats were significantly lower (p ©%) than in those rats
that only received the intrastriatal injection & ¥ The i.p. administration of LD caused
a + 27 % decrease in striatal MDA content relativ&1DA levels measured in Eeonly
treated rats. In the Fe+ SEL treated rats there was a + 39 % decreaDA levels
relative to the levels of MDA detected in théFenly treated rats (p < 0.01).
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Figure 7.7: Effect of intrastriatal injections of ferrous su#a10 nmol) followed by LD
and SEL treatment on rat striatal MDA content. Edeln represents the mean + SD
(n =5). # (p < 0.001) compared to the control;p* € 0.05), ** (p < 0.01) and
*** (p < 0.001) compared to rats that received éypnsl (p > 0.05) compared to the Fe

+ LD treatment group.

Thus, the i.p. injection of LD or SEL significantighibits lipid damage induced by an
increase in striatal iron levels. It is also evidfsom figure 7.7 that the co-administration
of LD and SEL results in an even more significaecréase in lipid peroxidation

(p < 0.001) induced by elevated’Feevels in the striatum than that observed whemeeit

DA (p < 0.05) or SEL (p < 0.01) is used alone. [kesphis fact, no statistically

significant difference in MDA levels was detectestveen the Fe + LD, Fe + SEL and
the Fe + LD +SEL treatment groups.
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7.4.4 DISCUSSION

Several areas of the brain are known to be richran, a known catalyst of lipid
peroxidationin vitro andin vivo. The iron content of the brain is highest in siistantia
nigra and the striatumg{obus pallidus, caudate nucleaadputamei (Sengstoclet al,
1993; Wesemanat al, 1994). Despite the fact that 90 % of the braiosheme iron is
stored in an inactive form bound to ferritin (Koeppand Dentinger, 1988; Kane&ball,
1989; Connoret al, 1990), the concentration of free intracellula‘Fin the brain is
approximately 1 uM (Williams, 1982). Furthermobgpchemical studies and magnetic
resonance imaging of parkinsonian brains have showignificant elevation of iron in
PD brains compared to age matched control braiextéidet al, 1989a; Drayeet al.,
1986). The results of this study show that theasttiatal injection of F& (10 nmol)
results in a significant increase in lipid peroxida in the rat striatum, a finding which is
consistent with the results of Sengstoek al, (1993) and Sziraket al, (1998)
demonstrating an increase in lipid peroxidation amtensive damage to nigrostriatal

neurons following intracerebral injections of farsoiron.

The results of the present study also show that.phe@dministration of LD results in a
significant decrease in Festimulated lipid peroxidation. Once again, theitiition of
lipid peroxidation by LD appears to be a consegaaidhe suggested capacity of SQe to
block the propagation of lipid peroxidation and doie to the scavenging of «OH since
LD has the ability to generate this free radicaldegarboxylation to DA and subsequent
auto-oxidation or MAO catalysed metabolism of DAeTi.p. administration of SEL
caused a reduction in the striatal MDA contenttiedato the F& only group. This
finding agrees with the ability of SEL to inhibhe formation of @ (and consequently
HOOe), HO, (by inhibiting the breakdown of DA) and *OH. Anethinteresting
observation of the present study is that the cotaidimation of LD and SEL results in a
more significant decrease (p < 0.001) in?'Fénduced lipid peroxidation than
LD (p < 0.05) or SEL (p < 0.01) alone. This resuggests that the co-administration of
LD and SEL in the treatment of PD may offer beptetection against lipid peroxidation

and subsequent neuronal damage than the use dbbb.a
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It has been suggested that catechol containing congs can shift oxidative damage
from lipid peroxidation to protein oxidation (Boots$ al, 2002). The next chapter will

therefore investigate the effect of DA, 6-OHDA drid on protein oxidation.
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CHAPTER EIGHT

PROTEIN OXIDATION STUDIES

8.1 INTRODUCTION

The introduction of carbonyl groups into the amauid residues of proteins is a hallmark
feature of protein oxidation. Carbonyl derivatigee formed by ROS mediated oxidation
of side chains of some amino acid residues (Akse&ta@l, 2001). Carbonyl groups can
also be introduced into proteins by glycation am@ctions with products of lipid
peroxidation and glycosidation reactions (Aksergval, 2001). Reaction of these
carbonyl groups with 2,4-dinitrophenyl hydrazin@ydes a method for detecting and
guantifying the extent of protein oxidation.

A number of studies have shown that enzymes angipsoare damaged by exposure to
DA. Two different mechanisms have been suggestexkptain the oxidative damage to
proteins induced by DA. In one proposed mechanisri¢c oxygen species such agd,
0O," and *OH generated from the oxidation of DA areliogted in the protein damage
(Halliwell, 1992; Basmeet al, 1995; Dunnett and Bjorklund, 1999). In the se&ton
suggested mechanism, the catechol ring of DA umdsrgxidation to form various
quinone products. DA quinone (DA-Q) can undergeernmiolecular Michael addition
reactions with protein bound nucleophiles, partidyl cysteinyl residues (figure 8.1) and
low molecular weight species e.g. GSH (Rotneamal, 1976; Itoet al, 1988; Basmat
al., 1995). The latter reaction can result in theletegn of cellular GSH (Nappi and
Vass, 1994) whereas the former reaction resultisarcovalent binding of the quinone to
the protein (Itoet al, 1984). Since cysteinyl residues are often founithe active site of
proteins, covalent addition of DA-Q to cysteine ¢Cynay inhibit protein function and

could possibly lead to cell damage or cell death.
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Figure 8.1: Reaction of DA-Q with thiol groups.

DA-Q can also undergo Schiff-base reactions withnanfunctions, particularly lysine
(Lys) side-chains on proteins (figure 8.2), howetlee formation of these linkages
appears to occur more slowly than with Cys étal, 1984).

NH, NH,

Figure 8.2: Reaction of DA-Q with amino groups.

Chapter 2 describes that in the presence of FEDIJA/H,O, and ascorbate (Fenton
system), DA can be hydroxylated to form 6-OHDA. Tdeaversion of DA to 6-OHDA
may result in a significant increase in proteinbcayl content by enhancing the

formation of both quinone products and reactivegexyspecies.

This study sought to investigate the potential &f 0 cause oxidative modification of
proteins (increase in carbonyl content). The ef#fgmtovoked by the presence of the
Fenton system on protein oxidation caused by DAevedso investigated in an attempt to
assess whether the conversion of DA to 6-OHDA tesul a significant increase in
protein carbonyl content. Furthermore, SEL was wsea free radical scavenger in our
system to establish whether the toxic oxygen speoie the quinone products are

responsible for the protein damage.
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8.2 EFFECT OF DOPAMINE AND
6-HYDROXYDOPAMINE ON IRON (IN-INDUCED
PROTEIN OXIDATION IN RAT BRAIN

HOMOGENATE IN VITRO

8.2.1 INTRODUCTION

The oxidative modification of proteins attractsraaj deal of interest in aging and age-
related neurodegenerative diseases. Under corslitadnoxidative stress, chemical
transformations of amino acid residues can leaal lmss of protein function (Stadtman,
1990; Dearet al, 1997). Oxidized proteins are often converted tiorm that is more
susceptible to proteinases and oxidative modificattan therefore “mark” proteins for
degradation by proteolysis (Stadtman, 1990; Aksestoal, 2001). Conversely, protein
oxidation can also promote the formation of craskdd protein aggregates that are
resistant to degradation by proteinases (Butterfield Stadtman, 1997).

The previous chapter showed that DA and 6-OHDA vadie to inhibit hydroxyl free

radical-induced lipid peroxidation. This was desphe fact that both DA and 6-OHDA
enhance the generation of *OH by the Fenton syatetar similar conditions (chapter 6).
It has been postulated that catechol containingpoamds may shift oxidative damage
from lipid peroxidation to protein oxidation (Bootst al, 2002). This may be a
consequence of the reactive quinones formed dutitey auto-oxidation of these

compounds.

This study therefore investigates the capacity & &d 6-OHDA to cause protein
oxidation (an increase in protein bound carbonyugs). In addition, the study also
investigates the effects provoked by the presefdbeoFenton system on the extent of

protein oxidation caused by DA and 6-OHDA.
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8.2.2 MATERIALS AND METHODS

8.2.2.1 Chemicals and reagents

DA hydrochloride, 6-OHDA hydrobromide, 2,4-dinitdognylhydrazine (2,4-DNPH) and
guanidine hydrochloride were purchased from Sigrhantical Corporation, St Louis,
MO, U.S.A. TCA, ethanol and ethyl acetate were based from Saarchem,
Johannesburg, South Africa. Streptomycin sulfates vipurchased from Wallace’s
Pharmacy, Grahamstown. EDTA and ferrous sulfateewgurchased from Merck,
Darmstadt, Germany. All other chemicals were oftitghest quality available and were

purchased from commercial distributors.
Stock solutions of DA and 6-OHDA were prepared imi4 KCI (pH 2.0) to prevent

their immediate auto-oxidation. Fresh stock sohgiof Fé" were prepared in deaerated

water immediately before each experiment to prevgittation of the F& to Fe*,

8.2.2.2 Animals

Animals were housed and maintained as describagpendix one.

8.2.2.3 Brain removal

Rats were sacrificed by cervical dislocation, falénl by decapitation, and the brains
were rapidly removed for use in experiments as rdesat in appendix two. The brains

were either used immediately or stored at -70 %@ needed.
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8.2.2.4 Homogenate preparation

Each brain was weighed and homogenized (10 % mAceicold 0.1 M PBS, pH 7.4 in a

glass teflon homogenizer. The homogenate was thed immediately for the assay.

8.2.2.5 Protein carbonyl measurement

The protein carbonyl content was assessed spectapRtrically according to a
modified method of Levinet al (1990).

Rat brain homogenates (10 % m/v in PBS) were dilwgh PBS to 5 mg/ml of protein.
Streptomycin sulfate (1 % final concentration) wHeen added to this and the
homogenate was stirred gently for 15 minutes. Téradgenate was then centrifuged at
11 000 x g for 10 minutes and the pellet was ddm@r The supernatant was collected
and diluted to 2.5 mg of protein/ml. Supernatan® (&g of protein/ml) was incubated at
37 °C for 5 minutes to reach the working tempemturhen, hydrogen peroxide
(100 pM), ascorbate (100 uM), EDTA (240 uM) andrdas sulfate (200 uM) were
incorporated into the incubation and the mixtuiilmated for 60 minutes. To investigate
the effect of DA and 6-OHDA on protein oxidationrieais concentrations of DA or
6-OHDA (0.25, 0.5, 0.75 and 1 mM) were added toitloeibation before the addition of
the ferrous sulfate. The final concentration oftgio in the incubation after the addition
of the above mentioned reagents was 1 mg/ml. Imatelgt after the incubation, protein
precipitation was achieved with the addition of TCA % final concentration) followed
by centrifugation at 11 000 x g for 5 minutes. Theulting pellet was reconstituted in
NaOH (0.5 M) with vigorous vortexing. Then, 0.5 wi 2,4-dinitrophenylhydrazine
(2 mM final concentration) was added and the miincubated at room temperature for
1 hour, in darkness and with vortexing every 105-ninutes. Proteins were then
precipitated by the addition of TCA and recoverédrecentrifuging at 11 000 x g for 10
minutes. The resulting pellet was washed twice wittyl acetate: ethanol (1:1, v/v). The

washed pellet was then reconstituted with 6 M giiaei and the absorbance of the
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resulting solution measured at 370 nm. The carbaoyitent was calculated using a
molar absorption coefficient of 22 000%™, Results are expressed as nmol carbonyls/
mg of protein. Protein estimation was obtained framrotein standard curve (appendix
five) using the method described by Lowatyal, (1951). Bovine serum albumin (BSA)

was used for the construction of the calibratiorveu
8.2.2.6 Statistical analysis

Results were analysed as described in section.2.3.2

8.2.3 RESULTS

As illustrated in figure 8.3, the incubation of tatin proteins with DA at 37 °C for 1
hour causes an increase in the carbonyl contenbheofproteins. The addition of the
Fenton system to the incubation in the absencefo@lBo results in a significant increase
in carbonyl content of the proteins. However, tbenbined action of the Fenton system
and DA significantly augmented the carbonyl contdatt was obtained in the presence
of the Fenton system or DA alone. The addition @HDA to the protein incubations
results in a significant increase in protein oxiolatwhen compared to control values. As
expected, the augmentation of carbonyl contentrgbdewith 6-OHDA was greater than
that obtained with DA. Curiously, the combined awctiof the Fenton system and
6-OHDA did not increase the carbonyl content thaisvobtained in the presence of
6-OHDA alone.
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Figure 8.3: Effect of DA and 6-OHDA on protein oxidation in tpeesence and absence
of the Fenton system. Each bar represents the me®d (n = 5). @ (p < 0.05) and
# (p < 0.001) compared to control values; ns (pO5)0 * (p < 0.05), ** (p < 0.01) and
*** (p < 0.001) compared to the Fenton system group

8.2.4 DISCUSSION

To gain additional insight into the molecular mewens involved in the neurotoxicity of

DA, the present study investigated the capacitipAfto cause protein oxidation in rat

brain homogenate. Furthermore, in order to invagtigthe consequences of the
conversion of DA to 6-OHDA on protein oxidation, Dias incubated with the Fenton
system. As seen in chapter 2, this would have @tbsome of the DA to be converted to
6-OHDA.

With regard to the effect of DA on the oxidant s&abf proteins, it has been shown that

the incubation of DA with proteins results in agr@ase in protein carbonyl content. The

protein oxidation caused by DA could be relatedré® radical production during its
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auto-oxidation or covalent binding of DA-Q to theein and subsequent oxidation. DA
auto-oxidation might facilitate the generation o®@e by promoting @ production

(Hermida-Ameijeiraset al, 2004). Q" exists in equilibrium with the HOO- radical
(Reiter, 1998). As mentioned previously, HOOe caitiate the protein oxidation process
because it is much more lipid soluble and is a nmone powerful oxidizing agent than
is O, (Reiter, 1998). The addition of the Fenton systerthe incubation in the absence
of DA also results in a significant increase inbzaryl content. This is most likely caused
by *OH formation via the Fenton reaction. In thesetre of DA, F& is also the ion

directly involved in HOOe production. The increasethe carbonyl content exhibited by
the combined action of DA and Fe(l)-EDTA/®, may be a consequence of
hydroxylation of DA by «OH to yield 6-OHDA. As desioed in chapter 5, the addition of
DA to the Fenton system results in a significamtéase in «OH production. This could
also be an explanation for the increase in proteiiation observed in incubations

containing DA and the Fenton system.

The results in figure 8.3 show that 6-OHDA is meffective than DA at causing protein
oxidation. The reason for this could be relatethifact that 6-OHDA is, as expected on
the basis of the additional electron density afordy the extra hydroxyl substituent,
more readily oxidized to 6-hydroxydopamine quing@€®HDA-Q) than DA is to DA-Q
(Li and Christensen, 1994). Since 6-OHDA oxidizés aate much greater than that of
DA, it can also generate a substantial amount5,HO,” and *OH. 6-OHDA mediated
ROS formation may also be enhanced in the preseinicen as a result of the reduction
of F€"* by 6-OHDA and 6-OHDA-SQto the F&" valence state required for the Fenton
reaction. In this way iron also catalyses the otiaof 6-OHDA (Méndez-Alvarez.,
2001). DA mediated ROS generation could also besased in the presence of iron in
the same way, however the reduction of'Fe F&* will probably occur at a slower rate

since DA is a less powerful reducing agent thas+@HDA.
The effect of the combined action of 6-OHDA and thRenton system on protein

oxidation does not differ from that found with 6-OKH alone. A possible reason for this

could be a limit to the number of cysteinyl resisluend other nucleophilic groups
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available to form covalent adducts with 6-OHDA-Chi§ hypothesis is based on the
assumption that protein oxidation is mediated by tfuinone oxidation products of
6-OHDA rather than oxygen free radicals. This higests will be tested further in the

next experiment.

189



Protein Oxidation Studies

8.3 EFFECT OF SELEGILINE ON DOPAMINE
AND 6-HYDROXYDOPAMINE INDUCED PROTEIN
OXIDATION IN RAT BRAIN HOMOGENATE

IN VITRO

8.3.1INTRODUCTION

The previous experiment showed that both DA andHB@ can enhance protein
oxidation provoked by the Fenton system. This pmottamage could be caused by
enhanced production of *OH induced by the additbDA and 6-OHDA to the Fenton
system or could be due to quinone oxidation pradwétDA and 6-OHDA that bind
covalently to nucleophilic groups, such as thiaugps of proteins (Grahast al, 1978).

In this experiment SEL was used in tire vitro incubation system to inhibit the
production of ROS formed during the auto-oxidatiamd monoamine oxidase
metabolism of DA and 6-OHDA. The use of SEL asd@iaa scavenger should help to
establish whether the toxic oxygen species or thamome oxidation products are

responsible for the protein oxidation.

8.3.2_ MATERIALS AND METHODS

8.3.2.1 Chemicals and reagents

SEL hydrochloride was purchased from Sigma Chenf@aiporation, St Louis, MO,
U.S.A. All other chemicals and reagents were pwetias described in section 8.2.2.1.

8.3.2.2 Animals

Animals were housed and maintained as describadpendix one.
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8.3.2.3 Brain removal

As described in section 8.2.2.3

8.3.2.4 Homogenate preparation

As described in section 8.2.2.4

8.3.2.5 Protein carbonyl measurement

The assay was carried out as described in sect@.B except that in some cases
various concentrations of SEL (0.25, 0.5, 0.75 amdM) were added to the incubation
before the addition of the DA or 6-OHDA.

8.3.2.6 Statistical analysis

Results were analysed as described in section.2.3.2
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8.3.3 RESULTS

As seen in figure 8.4, SEL (1 mM) was ineffectivepgreventing the protein oxidation
induced by either DA alone or the combined actidnD& and the Fenton system.
SEL (1 mM) on its own had no effect on protein @tidn.
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Figure 8.4: Effect of SEL on protein oxidation induced by DA ihe presence and

absence of the Fenton system. Each bar representsdan £ SD (n = 5). nsc (p > 0.05),
@ (p <0.05) and *** (p < 0.001) compared to cohtralues; ns (p > 0.05) compared to
DA + Fenton system values; nsd (p > 0.05) comperd2A alone.

192



Protein Oxidation Studies

Similarly, figure 8.5 shows that SEL has no effentthe protein oxidation induced by
either 6-OHDA alone or by the combined action @E8DA and the Fenton system.
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Figure 8.5: Effect of SEL on protein oxidation induced by 6-ORNI the presence and
absence of the Fenton system. Each bar representsdan + SD (n = 5). nsc (p > 0.05)
and *** (p < 0.001) compared to control values;(ps> 0.05) compared to 6-OHDA +
Fenton system values, nshd (p > 0.05) compareeQblBA alone.
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8.3.4 DISCUSSION

The results of this study show that the additioiSBL to the incubations was ineffective
at inhibiting the increase in protein carbonyl @nitinduced by DA and 6-OHDA alone

or in combination with the Fenton system.

Carbonyl groups can be introduced into proteinsrégction with products of lipid
peroxidation. Aldehydes such as HNE are formedyaprbducts of lipid peroxidation.
HNE can form adducts with important proteins remethem inactive (Bharatht al.,
2002) However, the previous chapter shows that stomulated lipid peroxidation is
strongly inhibited by DA and 6-OHDA under similaxperimental conditions and it is
therefore highly unlikely that DA and 6-OHDA stinaié protein oxidation via this
mechanism. Chapter 5 showed that DA significantigreases «OH formation by the
Fenton systenin vitro and similar results were also reported for 6-OHIDXidative
reactions of proteins are mediated mainly, butardy by «OH. Chapter 2 and chapter 5
show that SEL can scavenge *OH effectively at igh boncentrations used in this study
and SEL should therefore reduce protein oxidatiauced by *OH. The fact that SEL
was unable to inhibit the protein oxidation, strignguggests that «OH produced by the
metabolism and auto-oxidation of DA and 6-OHDA aa@ involved in causing the
protein oxidation observed under the present exparial conditions. The most likely
explanation for the increased carbonyl content eduby DA and 6-OHDA is covalent
addition of DA-Q and 6-OHDA-Q to nucleophilic grapresent in the rat brain proteins
rather than as the result of oxygen free radicaleny associated lipid peroxidation.
Another possibility is that the semiquinone radd@Q¢) formed during the oxidation of
DA and 6-OHDA, rather than «OH may initiate the g@ss of protein oxidation by direct

hydrogen abstraction from protein sites.

A possible consequence of the protein oxidatiomdByand 6-OHDA is the inhibition of
thiol-dependent enzymes such as GSH. The followimgpter will investigate whether
DA and 6-OHDA can deplete GSH levatsvitro. This effect will then be compared to
the effect of intraperitoneal LD administration G8H levels.
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8.4 EFFECT OF L-DOPA AND SELEGILINE
TREATMENT ON IRON (ID-INDUCED PROTEIN
OXIDATION IN THE RAT STRIATUM _IN VIVO

8.4.1 INTRODUCTION

Oxidative modifications of proteins attract a gresdal of attention in age-related
neurodegenerative disorders (Aksergtval, 2001). Evidence for enhanced oxidative
stress in PD includes findings of oxidative damemeroteins (Alamet al, 1997) in PD
SNpc along with an increase in iron levels (Dexdenl, 1991) and a decrease in GSH
levels (Riedereet al, 1989; Soficet al, 1992; Siaret al, 1994). The previous chapter
demonstrates that both DA and 6-OHDA enhance praieidation. Since LD treatment
increases striatal DA levels, there has been cantteat continued use of LD might

contribute to neuronal degeneration in PD.

The main aim of this study is to investigate whetaeute LD treatment produces an
increase in protein oxidation, characterized byiratease in the carbonyl content of
protein, in the striatum of male Wistar rats. Saliaron levels were elevated prior to the
commencement of LD treatment by giving the ratsrdrastriatal injection of ferrous

sulfate (10 nmol).
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8.4.2 MATERIALS AND METHODS

8.4.2.1 Chemicals and reagents

L-3,4-dihydroxyphenylalanine (LD), benserazide toghloride and SEL hydrochloride
were purchased from Sigma Chemical Corporationl.dtis, MO, U.S.A. All other

chemicals and reagents were purchased as desaoribedtion 8.2.2.1.

8.4.2.2 Animals

Animals were housed and maintained as describegpendix one.

8.4.2.3 Drug treatment

Animals were injected intrastriatally with|2 of ferrous sulfate (5 mM) and dosed with
LD and SEL for 7 days as described in section 23322 Control rats received an
intrastriatal injection of physiological saline. @re morning after the last dose, rats were
sacrificed by cervical dislocation followed by dpttation. Brains were rapidly removed
and the iron infused striata of each rat were disskfree and analysed for protein

carbonyl content.

8.4.2.4 Homogenate preparation

Each striatum was weighed and homogenized (5 % m/ce cold 0.1 M PBS, pH 7.4.
This is necessary to prevent lysosomal damageetditeue. The homogenate was then

used immediately for the assay.
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8.4.2.5 Protein carbonyl measurement

The protein carbonyl content was assessed spectapktrically according to a
modified method of Levinet al (1990). The procedure in section 8.2.2.5 wa®vadd
except that the supernatant collected after thetiaddof the streptomycin sulfate was
diluted to 1 mg of protein/ml instead of 2.5 mg mbtein/ml. The incubation step at
37 °C for 1 hour was then excluded and TCA was @ddethe supernatant (1 mg of
protein/ml) to precipitate proteins. The proceddescribed in section 8.2.2.5 was then

followed and results are expressed as protein ogtlsontent (nmol/mg of protein).

8.4.2.6 Statistical analysis

Results were analysed as described in section.2.3.2
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8.4.3 RESULTS

Figure 8.6 shows that the intrastriatal injectidrfesrous sulfate (10 nmol) results in a
significant increase in protein oxidation (p < AP@n rat striatum. Treatment of the rats
with LD and SEL alone or in combination has no gigant effect on the iron-induced
protein oxidation.

4,
2,
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Control Fe +LD Fe + SEL Fe+LD +
SEL

= I
o' o [V}
| | |

Protein carbonyls (nmol/mg of protein)
(o]

Figure 8.6: Effect of intrastriatal injections of ferrous su#afollowed by LD and SEL
treatment on rat striatal protein carbonyl conté&dch bar represents the mean £ SD
(n =5).”" (p < 0.001) compared to the control; ns (p > 0.6&npared to rats that

received Fe only.
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8.4.4 DISCUSSION

The results of this study demonstrate that an asmen the concentration of free ferrous
iron in the striatum can result in a significantri@ase in protein carbonyl content. This
increase in protein carbonyl content was not irtbibiby treatment with LD, SEL or a
combination of these drugs.

The dose of LD used in this study was expecteasalt in a significant increase in DA
levels in the striatum. However, the results of thiudy do not support the hypothesis
that this increase in DA concentration produceslatwe damage to proteins in iron
infused striatal rat tissue since there was noifstgmt increase in protein carbonyl
content after LD or SEL treatment. A number of éastneed to be considered in order to
bring together the DA induced oxidative damageatobrain proteinsn vitro with LD’s
apparent lack of neurotoxicity vivo. One important consideration is that the magnitude
and duration of the increase in DA levels may natehbeen sufficient to produce a
significant increase in protein carbonyl contenbr Fexample, the dose of LD
(10 mg/kg/bd) used in this study was expected tmlpce a two-fold increase in striatal
DA content, as seen in chapter 4, however the adtration of 10 — 15 mg/kg of
methamphetamine increases extracellular DA conght to 80-fold (Stephans and
Yamamoto, 1994).

It is also possible that the reported ability of idincrease GSH levels in dopaminergic
neurons (Mytilineouet al, 1993; Hanet al, 1996) may protect striatal proteins from
damage. However, this reported increase in GSHcediy LD also contradicts the fact
that the quinone oxidation products of LD, DA andBDA bind covalently to thiol
groups (SH groups) which should theoretically depl&SH levels. The following
chapter will investigate the effect of DA and 6-ONDBn GSH levelsn vitro and the

effect of LD administration on striatal GSH leveaisvivo.
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CHAPTER NINE

TOTAL GLUTATHIONE CONTENT

9.1 INTRODUCTION

The tripeptide glutathione (GSH) is the most abumhdaonprotein intracellular thiol
(-SH) compound in mammalian cells, (Bharagth al, 2002) and is present in
concentrations up to 12 mM (Dringen, 2000). GSHsyathesized from its constituent
amino acids (glutamate, cysteine and glycine) o wonsecutive steps catalyzed by
y-glutamyl cysteine synthase (GCS) and glutathiogmehase. GCS uses glutamate and
cysteine as substrates formipglutamylcysteine which is then combined with ghein

a reaction catalyzed by glutathione synthase tm fGISH (see figure 9.1).

H S
Glutamate 2 1_\\ R
L-Cysteimyl-glycine \
/ lutamyltransferase R-5H ~
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Glvcine ly dipeptidase
Thiol Transterase-
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SOD
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Figure 9.1: A schematic representation of the synthesis andlmésm of GSH (Bharath
et al, 2002)
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Glutathione plays a crucial role in the primaryldalr defense against oxidative stress by
reacting both nonenzymatically with ROS,{Q+OH and NOe¢) (Saezt al, 1990;
Winterbourne and Metodiewa, 1994; Singhal, 1996) and also acting as an electron
donor in the reduction of #D, catalyzed by glutathione peroxidase (GPx) (ChacH,
1979). GSH may also protect neurons from the actation of protein aggregates which
form Lewy bodies within the cell (Shimued al, 2001). HNE is an aldehyde formed as
a by-product during lipid peroxidation. It has bgenposed that HNE can integrate into
membranes affectinip vivo membrane fluidity (Chen and Yu, 1994) and can &sm
adducts with important biological proteins. It Haeen found that GSH conjugates with
HNE and therefore prevents it from incorporatingpimembranes (Chen and Yu, 1994;
Chen and Yu, 1996) and from forming conjugates wptbteins (Subramaniaet al,
1997). Another important function of GSH is thaprbtects proteins from oxidation by
conjugating with thiol groups to form protein-SS+@ixed disulfides which can be
re-reduced to protein and GSH by glutathione rexiect(GR), thioredoxin or protein
disulfide isomerase (Ravindranath and Reed, 1%@Qure 9.2 summarizes some of the

oxidation reactions inhibited by GSH.

\/ Protein oxidation

ROS = —- Lipid peroxidation

TV TR q'n‘n'"];c (P e ™
M T Il'm:'l i i ' ll T
Impaired membrane
Mitochondrial dysfunction fuidity Protein (P) adducts

Figure 9.2: GSH has the ability to inhibit oxidative damageatmumber of important

biomolecules (Bharatét al, 2002).
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In dopaminergic neurona vivo, GSH can bind to quinones formed during the oxdati
of DA and 6-OHDA and prevent these quinones froactiag with protein thiol groups
(Fornstedet al, 1990a; Hastingst al, 1996). However, the binding of these quinones to
GSH may deplete GSH stocks and therefore impair Gi8pendent detoxification.
Several studies have shown that the relative vangtin GSH levels in different brain
regions are cortex > cerebellum > hippocampus iatstn > SN (Abbottet al, 1990;
Chenet al, 1989; Kanget al, 1999) There is therefore an inverse relationfigfween
levels of DA and levels of GSH in the brain.

In PD, there is a further reduction in GSH levelthim the SN. The depletion of GSH
levels in Parkinsonian brains cannot be explaingdnicreased oxidation of GSH to
GSSG as levels of both are found to be decreadezlagtivity of GCS in the SN of PD
patients is normal and the decrease in GSH camftiver also not be explained by a
decrease in GSH synthesis (Setral, 1994). The decrease in GSH observed in PD may
be caused by the increased synthesis and turndvBAan surviving dopaminerigic
neurons in the SN and the striatum. This chaptenetbre investigates the effect of DA,
6-OHDA and SEL on GSH levels vitro and the effect of LD and SEL administration

on striatal GSH levelm vivo.

The spectrophotometric procedures used to ass&ySét in this chapter are based on the
method of Ellman (Ellman, 1958; Ellman, 1959), whoeported that
5,5-dithiobis-(2-nitrobenzoic acid) is reduced ot groups (SH) to form 1 mole of
2-nitro-5-mercaptobenzoic acid per mole of SH. Hiteomercaptobenzoic acid anion
has an intense yellow color that can be used tsureé&SH groups.
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9.2 EFFECT OF DOPAMINE AND
6-HYDROXYDOPAMINE ON THE IRON (11)-
INDUCED LOSS OF TOTAL GLUTATHIONE IN

RAT BRAIN HOMOGENATE IN VITRO

9.2.1 INTRODUCTION

The degeneration of dopaminergic neurons in PDtidbated in large measure to strong
oxidative stress within the degeneratisgbstantia nigra(SNpc). The two main
biochemical phenomena leading to increased ROSenpiarkinsonian SNpc are an
increase in iron levels (Dextat al, 1989a) and a reduced antioxidant defense level
(Riederetret al, 1989; Sofiet al, 1992; Siaret al, 1994).

PD is associated with a decrease in GSH levelsq8bal, 1992). This decrease in GSH
observed in PD may affect the ability of dopamimengeurons to protect themselves
against lipid peroxidation, protein oxidation andanhondrial dysfunction (figure 9.2).

The decrease in GSH may, in part, be due to thaleov binding of quinones formed
during the auto-oxidation of DA and 6-OHDA to the&Si& molecule resulting in the

impairment of GSH-dependent detoxification and ech®y the formation of ROS such
as HO, and *OH. The enhanced production of ROS duringntie¢abolism and auto-

oxidation of DA and 6-OHDA may also contribute tbas of GSH stocks.

This study investigates the effect of the metaboliand auto-oxidation of DA and
6-OHDA on total glutathione content in rat braimimgenate. In addition, the study also
investigates the effects provoked by the presehtdged-enton system on the depletion of
GSH caused by DA and 6-OHDA.
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9.2.2 MATERIALS AND METHODS

9.2.2.1 Chemicals and reagents

DA hydrochloride, 6-OHDA hydrobromide and 5,5-dahis-(2-nitrobenzoic acid)
(DTNB) were purchased from Sigma Chemical CorpomgtiSt Louis, MO, U.S.A. All

other reagents used were of the highest qualitifadolea.

Stock solutions of DA and 6-OHDA were prepared imi4 KCI (pH 2.0) to prevent
their immediate auto-oxidation. Fresh stock sohgiof Fé" were prepared in deaerated

water immediately before each experiment to prevgittation of the F& to Fe&*,
9.2.2.2 Preparation of the standard curve

Reduced glutathione was used to prepare the sthrudewe. An aliquot of 0.5 ml of
varying concentrations of GSH (2-10 uM dissolvedPiBS, pH 7.4) was added to test
tubes and mixed with 1.5 ml of 0.2 M Tris buffeH 8.2 and 0.1 ml of 0.01 M DTNB.
The mixture was then brought to 10 ml with 7.9 indbsolute methanol. The absorbance
was read at 412 nm using a Shimadzu UV-160A UWslasiecording spectrophotometer

and a calibration curve was constructed (apperig)x s

9.2.2.3 Animals

Animals were housed and maintained as describagpendix one.
9.2.2.4 Brain removal

Rats were sacrificed by cervical dislocation, faléal by decapitation, and the brains
were rapidly removed for use in experiments as rdesat in appendix two. The brains

were either used immediately or stored at -70 %@ needed.
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9.2.2.5 Homogenate preparation

Each brain was weighed and homogenized (20 % mAceicold 0.1 M PBS, pH 7.4 in a

glass teflon homogenizer. The homogenate was thed immediately for the assay.

9.2.2.6 Measurement of total glutathione content

The total GSH content was assessed spectrophotoafigtraccording to a modified
method of Sedlak and Lindsay (1968).

Briefly, 0.5 ml of rat brain homogenate (20 % mwags incubated at 37 °C for 5 minutes
to reach the working temperature. Hydrogen peroxid¥® pM), ascorbate (100 uM),
EDTA (240 uM) and ferrous sulfate (200 uM) werearporated into the incubation and
the mixture incubated for 60 minutes. To invesegtite effect of DA and 6-OHDA on
GSH content, various concentrations of DA or 6-OH@DA5, 0.5, 0.75 and 1 mM) were
added to the incubation before the addition offémeus sulfate (the final volume of the
incubation mixture was 1 ml). Immediately after theubation, 0.5 ml of the incubation
mixture was added to test tubes containing 1.5 iilres buffer (pH 8.2), 0.1 ml of
0.01 M DTNB and 7.9 ml of absolute methanol. Theulant mixture was then allowed
to stand at room temperature, with occasional sigakior 30 minutes. Thereatfter, the
mixture was centrifuged at 3000 x g for 15 minwded the absorbance of the supernatant
was read at 412 nm. The GSH levels were deternfroed a standard curve generated

from GSH and are expressed as total GSH (nmol/ntigsfe).

9.2.2.7 Statistical analysis

Results were analysed as described in section.2.3.2
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9.2.3 RESULTS

Figure 9.3 shows how the incubation of rat braimbgenate with DA or 6-OHDA at
37 °C for 60 minutes causes a significant (p < D\@&crease in GSH content ( + 19%
reduction in total GSH for incubations containing QL. mM) and a £ 58% reduction in
total GSH for incubations containing 6-OHDA (1 mkhmpared to the control values).
The addition of Fenton reagents to the incubatiorabbrain homogenate also causes a
significant decrease in the GSH content of ratrbfe@mogenate (£ 12% reduction in
GSH levels compared to the control). However, thelwned action of DA or 6-OHDA
with the Fenton system significantly augments teereélase in GSH obtained with the use
of DA or 6-OHDA alone. In addition to this, the dease in GSH levels observed in
incubations containing both the Fenton system at@reDA or 6-OHDA is dependent
on the concentration of DA or 6-OHDA used. Interegy, the augmentation observed
with the combined action of DA + Fenton system wihtaused a further £ 60% decrease
in GSH content compared to DA alone was greatar that observed with the combined
action of 6-OHDA + Fenton system which caused @hérr+ 28% decrease in GSH

compared to 6-OHDA alone.
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Figure 9.3: Effect of DA and 6-OHDA on total GSH content in fhiesence and absence
of the Fenton system. Each bar represents the meald (n = 5). @ (p < 0.01) and

# (p < 0.001) compared to control values; *** (001) compared to the Fenton system

group.

9.2.4 DISCUSSION

The present study shows that the incubation ofbrain homogenate with DA or
6-OHDA results in a marked decrease in total GSke fleduction in GSH content was
greater for 6-OHDA (= 58 % reduction) than for DA 19 % reduction) which can be
attributed to the higher rate of autoxidation oDBIDA. In addition, the presence of the
Fenton system also causes a significant fall ial t8SH content of rat brain homogenate.
The effect observed with the combined action oftéersystem + DA caused a greater
reduction in GSH than DA alone and this can babaiied to the capacity of iron to

catalyze the auto-oxidation of DA as well as thiitstof «OH, formed during the Fenton
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reaction, to convert DA to 6-OHDA. The combineteef of Fenton system + 6-OHDA

also resulted in a greater loss of total GSH th&HDA alone.

The effects of 6-OHDA and DA both in the presenod absence of the Fenton system
on total GSH reported above could be related taytreeration of KD, and «OH formed
during the auto-oxidation and MAO mediated metamlof these compounds. However,
the inability of catalase (Chakrabaet al, 1990) and *OH scavengers (Chakrabetty
al., 2001) to inhibit the reduction of protein thi@H) content induced by DA under
different experimental conditions weakens this higpeis. Another possible explanation
for the decrease in GSH caused by DA and 6-OHDAgsoxidation of these compounds
to DA-Q and 6-OHDA-Q and the subsequent reactiothete quinones with the thiol
groups on the GSH molecule. Evidence that theseoges can react with SH groups in
the brain is the finding that cysteinyl adducts;tsas 5-cysteinyl-dopamine and quinone
adducts, have been encountered in rat, guinea mig hmman brain (Carlsson and
Fornstedt, 1991; Fornsteelt al., 1990Db).

Chapter 7 shows that DA and 6-OHDA are able tobitydroxyl radical induced lipid
peroxidation. However, one of the possible conseges of GSH depletion is that it may
eventually stimulate lipid peroxidation, indirecthby weakening the endogenous
antioxidant defenses against lipid peroxidation the GSH-dependent detoxification of
H,O, and ROS (Boot®t al, 2002). A decrease in GSH levels could also ears
increase in the protein oxidation (chapter 8) antbechondrial dysfunction (chapter 5)
induced by DA and 6-OHDA since GSH prevents thengné oxidation products of
these compounds from conjugating with protein Séligs (Hastingst al., 1996).

The following experiment investigates whether Sklselective MAO-B inhibitor and a

scavenger of «OH, can protect against the lossotdl tGSH induced by DA and
6-OHDA.
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9.3 EFFECT OF SELEGILINE ON DOPAMINE AND
6-HYDROXYDOPAMINE INDUCED LOSS OF
TOTAL GLUTATHIONE IN RAT BRAIN
HOMOGENATE IN VITRO

9.3.1INTRODUCTION

The previous experiment shows that the incubatforatobrain homogenate with DA or
6-OHDA, both in the absence and in the presencth@fFenton system results in a
significant reduction in total GSH. This decreas&iSH content could be attributed to an
increased production of J@,and *OH generated by the addition of DA and 6-OHIDA
the Fenton system. It could also be brought abguhé covalent binding of DA-Q and
6-OHDA-Q to the GSH molecule.

There are two important mechanisms that preventoRidation. The first mechanism is
the incorporation of DA into monoamine transportesicles (VAMT). The low pH
inside these vesicles prevents the oxidation of(B#iagadaet al, 2004). However, this
is not relevant when working with homogenate sitiee integrity of the cells has been
damaged. The second mechanism inhibiting the aridaf DA is the breakdown of DA
by MAO (Weingarten and Zhou, 2001; Arriagagtaal, 2004). SEL, a MAO-B inhibitor
should therefore favour DA oxidation and the fornmatof quinone oxidation products.
On the other hand, SEL inhibits the formation @fOgformed from the breakdown of
DA and also scavenges *OH (chapter 6). The usekdf i the incubations should
therefore help to establish whether the ROS or ghmone oxidation products are
responsible for the loss of GSH induced by 6-OHDA BA.
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9.3.2. MATERIALS AND METHODS

9.3.2.1 Chemicals and reagents

SEL hydrochloride was purchased from Sigma Chenf@aiporation, St Louis, MO,
U.S.A. All other chemicals and reagents were pwetas described in section 9.2.2.1.

9.3.2.2 Preparation of the standard curve

As described in section 9.2.2.2

9.3.2.3 Animals

Animals were housed and maintained as describagpendix one.
9.3.2.4 Brain removal

As described in section 9.2.2.4

9.3.2.5 Homogenate preparation

As described in section 9.2.2.5
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9.3.2.6 Measurement of total glutathione content

The total GSH content was assessed spectrophotoafigtraccording to a modified
method of Sedlak and Lindsay (1968).

The assay was carried out as described in sect@2.8 except that in some cases
various concentrations of SEL (0.25, 0.5, 0.75 anmdM) were added to the incubation
before the addition of the DA or 6-OHDA.

9.3.2.7 Statistical analysis

Results were analysed as described in section.2.3.2
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9.3.3 RESULTS

As illustrated in figure 9.4, the addition of SELZ5, 0.5, 0.75 and 1 mM) to incubations
is ineffective at inhibiting the loss of GSH indddey the combined action of DA and the
Fenton system. However, SEL did cause an increas8SH content in incubations
containing DA and SEL when compared with the vahlgained in incubations

containing only DA (x 8 % increase in total GSH).

-
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|

1.6 nsc

==
= N AN
| | |

Total GSH (nmol/mg of tissue)

# ns ns ns n
0 B T T T

S
Control DA + 0.25 0.5 0.75 1 DA DA + SEL
Fenton alone SEL alone
system \_ J  @mm) (ImMm) (1mM)

~

Fenton system + DA(1mM) + Selegiline(mM)

Figure 9.4: Effect of SEL on the loss of total GSH induced b4 [ the presence and

absence of the Fenton system. Each bar representsdan + SD (n = 5). nsc (p > 0.05)
and # (p < 0.001) compared to control values; ns (p05) compared to DA + Fenton
system values; @ (p < 0.01) compared to DA alone.
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Figure 9.5 shows that SEL has no effect on the d$3SH induced by either 6-OHDA
alone or the combined action of 6-OHDA with the feensystem.

16

nsc
1.4

1.2 A

nshd

0.6

#
04 - # ns ns ns ns
HMERER R
07 T T T T T T

Control 60HDA 0.25 0.5 0.75 1 60HDA 60HDA SEL

Total GSH (nmol/mg of tissue)

+ alone +SEL alone
Fenton \ j @AmM) (@AmM) (AmM)
system

Fenton system + 6-OHDA(1mM) + Selegiline(mM)

Figure 9.5: Effect of SEL on the loss of total GSH induced b@BDA in the presence

and absence of the Fenton system. Each bar reme#en mean + SD (n = 5).

Nsc (p > 0.05) and # (p < 0.001) compared to conatues; ns (p > 0.05) compared to
6-OHDA + Fenton system values, nshd (p > 0.05) amegbto 6-OHDA alone.
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9.3.4 DISCUSSION

The results of this study show that SEL is unablénhibit the reduction of total GSH
induced by the combined action of (DA + Fentonaysgtor (6-OHDA + Fenton system).
The results also show that SEL is unable to inhifeit reduction in GSH induced by

6-OHDA in the absence of the Fenton system.

SEL has the capacity to reduce the production f.ks well as the oxygen radicals
most likely to be involved in the oxidation of thgroups (*OH and HOQOe). Chapters 5
and 6 show that SEL, at the concentrations usehisnstudy, reduces the production of
*OH, Q" and consequently HOOe. The most likely explanafmmthe inability of SEL

to inhibit the loss of GSH induced by 6-OHDA, (DAFenton system) and (6-OHDA +
Fenton system) is that under these circumstandss, léss of GSH is caused

predominantly by the quinone oxidation product®éfand 6-OHDA rather than ROS.

The results of the present study also show that SEble to inhibit the loss of GSH
induced by the incubation of rat brain homogenath WA alone. However, the amount
of inhibition produced is small considering thegrconcentration of SEL used (1 mM).
This suggests that the generation of ROS duringathe-oxidation and MAO mediated
metabolism of DA only plays a minor role in the dosf total GSH induced by this

neurotransmitter.
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9.4 EFFECT OF L-DOPA AND SELEGILINE
TREATMENT ON TOTAL GLUTATHIONE
CONTENT IN THE RAT STRIATUM 1IN VIVO

9.4.1 INTRODUCTION

GSH depletion may represent one of the earliesthaimical defects in PD (Bluet al,
2001). Although GSH is not the only antioxidant lé¢gd during PD, the magnitude of
GSH depletion appears to parallel the severityhef disease and occurs prior to other
hallmarks of the disease (Perry and Yong, 198G eeri993).

The previous experiments in this chapter have shinahDA and 6-OHDA are capable
of reducing total GSH levels in rat brain homogenaD administration may also induce
oxidative damage by depleting GSH levels (Speeteal., 1995). However, Mytilineou
et al (1993) and Haet al (1996) reported that LD had the ability to in@e&SH levels

in astroglial cultures.

The main aim of this study is to investigate thdeaf of acute LD and SEL
administration on striatal GSH levels.

9.4.2 MATERIALS AND METHODS

9.4.2.1 Chemicals and reagents

L-3,4-dihydroxyphenylalanine (LD), benserazide toghloride and SEL hydrochloride
were purchased from Sigma Chemical Corporationl.dtis, MO, U.S.A. All other
chemicals and reagents were purchased as desaoribedtion 9.2.2.1.
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9.4.2.2 Animals

Animals were housed and maintained as describagpendix one.

9.4.2.3 Drug treatment

Animals were injected intrastriatally with|2 of ferrous sulfate (5 mM) and dosed with
LD and SEL for 7 days as described in section 23522 Control rats received an
intrastriatal injection of physiological saline. @re morning after the last dose, rats were
sacrificed by cervical dislocation followed by dpttation. Brains were rapidly removed
and the iron infused striata of each rat were dissefree and analysed for total GSH

content.

9.4.2.4 Homogenate preparation

Each striatum was weighed and homogenized (5 % m/¢e cold 0.1 M PBS, pH 7.4.

The homogenate was then used immediately for theyas

9.4.2.5 Measurement of total glutathione content

The total GSH content was assessed spectrophotoafigtraccording to a modified
method of Sedlak and Lindsay (1968).

Briefly, to 0.5 ml of homogenate (5 % m/v), 1.5 ofl0.2 M Tris buffer (pH 8.2), 0.1 ml
of 0.01 M DTNB and 7.9 ml of methanol was added amibated for 30 minutes at
room temperature. The incubation mixture was thentrduged at 3000 x g for 15
minutes and the absorbance of the supernatantatedti2 nm. The GSH levels were
determined from a standard curve generated from @$Hare expressed as total GSH

(nmol/mg of tissue).
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9.4.2.6 Statistical analysis

Results were analysed as described in section.2.3.2

9.4.3 RESULTS

Figure 9.6 shows that the intrastriatal injectidrfesrous sulfate (10 nmol) reduced the
total GSH content in rat striatum (p < 0.05). Treant of the rats with LD and SEL alone
or in combination had no significant effect on ttecrease in total GSH induced by the

intrastriatal injection of iron.

1.6
ns ns ns

1.2 1

0.8 A

0.6

0.4

Total GSH (nmol/mg of tissue)

0.2

Control Fe Fe +LD Fe + SEL Fe +LD +
SEL

Figure 9.6: Effect of intrastriatal injection of ferrous sukafollowed by LD and SEL
treatment on rat striatal GSH content. Each baressmts the mean £ SD (n = 5).
" (p < 0.05) compared to the control; ns (p > 0.@8hpared to rats that received Fe only.
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9.4.4 DISCUSSION

This study demonstrates that an increase in theecdration of free ferrous ions in the
striatum reduces total GSH levels. This decrea%&SHl is not attenuated or enhanced by
treatment with LD, SEL or a combination of thesegs

Under normal circumstances, GSH constantly clea@®,Hhus preventing the formation
of «OH. GSH also conjugates with quinones formedmduthe oxidation of DA and
6-OHDA and prevents these from forming deleteriadducts with proteins (Bhara#t
al., 2002) and from facilitating the release of ifoom ferritin (Andersen, 2001). Under
conditions of GSH depletion, as observed in PD pincgection is attenuated resulting in
oxidative stress. It has been proposed that tleagse of iron from ferritin alters the
homeostasis of mitochondrial calcium leading toftivenation of ROS and the depletion
of tissue GSH levels (Youdim and Riederer, 1993)e ability of DA and 6-OHDA to

release iron (I) from ferritin will be investigaten the following chapter.

Despite the decrease in total GSH levels induce®Ayand 6-OHDA observed in the
previous experiments, the dosage of LD used indRperiment (10 mg/kg/bd) did not
enhance the loss of GSH induced by the intrastriajaction of iron. Once again the
toxicity of DA in vitro does not match the lack of toxicity observed witte
administration of LDin vivo. In addition to this, SEL treatment, either alooein

combination with LD does not result in any sigraiit changes in GSH levels.
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CHAPTER TEN

IRON INTERACTION STUDIES

10.1 INTRODUCTION

As an essential component of heme groups and ulbar clusters, iron is important for
the transport (hemoglobin), storage (myoglobin) ams® of oxygen (cytochromes,
cytochrome oxidase and iron sulfur proteins) fapreation (Halliwell, 1992; Riemest

al., 2004). Iron is also an essential component & dhtive sites of many enzymes,
including catalase (Halliwell, 1992).When iron i®gent in excess, it has the potential to
harm biological systems since in redox active farrmoatalyses the generation of ROS,
including *OH via the Fenton reaction (Crichtenhal, 2002). An example of this “iron
paradox” operates in the dopaminergic neuronse&iN, the same group of cells that are
lost in PD. On the one hand, iron is required asssential cofactor by the enzyme
tyrosine hydroxylase for the synthesis of dopamine the other hand, iron promotes the
oxidation of DA, releasing ¥D, in the process. ¥, can then give rise to the highly
toxic *OH (Kaur and Andersen, 2002).

Sofic et al (1992) demonstrated that total iron levels in 8 are elevated in PD
patients. Intracellular iron levels are stringentbgulated as a labile iron pool, which
provides optimum iron levels for a multitude of tiemical processes and limits the
availability of free iron for the generation of R@Bharathet al, 2002). Ferritin (figure
10.1) is the major iron storage protein in the mrand maintains iron in a nonreactive
form in the cell (Babincovét al, 2005). Ferritin is composed of 24 sub-unitsragea in
432 symmetry to form a hollow protein shell enahgsia cavity 80 Angstroms in
diameter (Jamescet al, 2004). Iron incorporation into ferritin involvesidation of F&"

to F€" and deposition of the Fe within the hollow protein shell essentially as
ferrihydrite (Crichtonet al, 2002). Ferritin can store up to 4500 iron atggesmolecule

(Crichtonet al, 2002). It is uncertain whether the excess irothe brains of PD patients
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is in a free form or whether it is bound to ferri{iRiedereret al, 1989; Dexteet al,
1990; Jellingeet al, 1990; Manret al, 1994). Griffithset al (1999) demonstrated that
in PD patients, ferritin is heavily loaded withir@and that even if there is an increase in

ferritin to counter excess iron levels, the fenritholecules are saturated with iron.

Iron stored

as mineral H
inside ferritin s
g
L X

Figure 10.1: A three-dimensional representation showing ferritihe iron-storage
protein in the body. Ferritin has a spherical shape iron (brown) is stored as a mineral
inside the sphere.
(http://www.chemistry.wustl.edu/~courses/genchengfliats/Ferritin/iron_06.htn

The superoxide (Yoshidat al, 1995) or catechol (Linekt al, 1996; Babincova and
Babinec, 2005) mediated release of iron from fieriicreases the labile iron pool and
also the fraction of iron capable of reacting w40, (Doubleet al, 1998). Furthermore,
iron promotes the auto-oxidation of DA in dopamgierneurons, releasing additional
H,O, (Ben-Shachaet al, 1995). The increased generation of «OH via Rewteemistry
could also increase the conversion of DA to 6-OHDAhe presence of an abnormal
accumulation of iron. The neurotoxicity of 6-OHDAsbeen linked to the release of iron
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from ferritin (Montinero and Winterbourne, 1989)e&errioxamine, an iron chelator,
reduces 6-OHDA lesioning of the the nigrostriatél 8ystem (Ben-Shachat al, 1991).
The removal of iron from ferritin is achieved bydueing iron from the F& oxidation
state to the P& oxidation state. In the Festate, iron breaks away from the lattice as the
Fe?* ion. The positive charge on the’F@n attracts the electronegative oxygen atoms of
water and a water “cage” forms around the ion. Tiros becomes soluble as a hydrated
Fe?* ion and can be released from the ferritin proténthe channels in the protein shell.
(http://www.chemistry.wustl.edu/~courses/genchengfliats/Ferritin/iron_06.htrn

Linert et al. (1996) proposed a plausible mechanism for theurtion of cytotoxins in
PD (figure 10.2). F& interacts with HO, via Fenton’s reaction producing *OH or ferryl
species. These can convert the neurotransmittetolAe neurotoxin 6-OHDA, which is
a powerful reducing agent. The production of 6-OHiBAhen followed by the reduction
and release of iron, as ¥drom ferritin. In other words, an autocatalyticcty is formed

which continuously produces cytotoxic species.

Hz0z
Oz
Dopamine Dopaming- Dopamino-
pag} : quinone ¥ chrome
"OH »,\ A
Reducing Agents
{eq. Glutathions,
Ferrtin Fadll ) MFTP, atc.)
Fa(lil) "'/‘ l f —

Y _/
6-0HDA | 6-OHDA-Q
Fe-contalning
NEUROMELANIN

Figure 10.2: The production of 6-OHDA followed by the releaseFaf* from ferritin

which may enable sustained production of cytotepiecies (Linerét al, 1996).
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This chapter aims to determine whether an intesaaiists between DA, 6-OHDA, SEL
and iron (both in the ferrous and ferric oxidatistate). The binding of E&or FE* by
these agents could prevent iron from catalyzing ftrenation of ROS by the Fenton
reaction. Secondly, the chapter will also invedagtne ability of DA and 6-OHDA to
release iron as Eefrom the iron storage protein ferritin. The resuf these studies will
help to explain the peculiar ability of 6-OHDA amA to increase iron-induced *OH
production (chapter 6) and protein oxidation (ckag) on the one hand, but reduce lipid
peroxidation (chapter 7) under the same conditionthe other hand.
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10.2 EFFECT OF DOPAMINE AND
6-HYDROXYDOPAMINE ON THE RELEASE OF
IRON (I1I) FROM FERRITIN AND THE
FORMATION OF A FERROZINE-IRON (1)
COMPLEX

10.2.1 INTRODUCTION

The quantitation of iron in biological samples ¢@nachieved using a variety of methods
including atomic absorption spectroscopy (Hoepken al, 2004), paramagnetic
resonance spectroscopy (Woodmansee and Imlay, ,20&23itometric analysis (LeVine
et al, 1998), and colorimetric quantitation (Fish, 19&ay et al, 1999). Ferrozine
(figure 10.3) is an effective chelator of ferrowsni (FE€") and has been used for the
colorimetric determination of iron in biological mples (Ceriotti and Ceriotti, 1980,
Riemeret al, 2004). Ferrozine binds Fe(figure 10.4), but not F& into a purple
complex that absorbs strongly at 562 nm (Babincawé Babinec, 2005). As shown in
figure 10.2, ferrozine binds Fawith a metal to ligand ratio of 1:3.

After uptake into cells, Fé may encounter a ferritin molecule, which incorpesairon

as Fé", oxidizing it to F&", and traps the Béwithin the protein shell, alternatively the
iron may also be incorporated into other proteimptexes (Crichtoret al, 2002). Such
complexed iron is not available for quantitationngscolorimetric assays. To quantify
the total iron content of a cell (free iron and tem-bound iron) iron must first be
released from the proteins (Riemet al, 2004). Therefore, the spectrophotometric
measurement of the formation of Fe(ll)-ferrozinenptexes is an ideal way to measure
the release of iron, as £drom ferritin mediated by DA and 6-OHDA.
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Anionic
sulfonate

groups \ \

\ ,

'y Ferrozine
Nitrogens ! TN~ ligand

coordinated —"
to Fe !

Figure 10.3:Chemical structure of the indicator ligand ferrazihhe left figure is a stick
representation and the right figure is a ChemDrasg@resentation of ferrozine. The
carbon atoms are green, the hydrogens are whéaittogen atoms are blue, the oxygen
atoms are red, and the sulfur atoms are yellow.
(http://www.chemistry.wustl.edu/~edudev/LabTutorBsritin/ferrozine.html

Fe (Ferrozine);'

Figure 10.4: The Fe(ll)-ferrozine complex where ¥és complexed with three ferrozine
ligands. The carbon atoms are green, the hydrogemsvhite, the nitrogen atoms are
blue, the oxygen atoms are red, the sulfur atomgeltow and the Féis purple.
(http://www.chemistry.wustl.edu/~edudev/LabTutorBésritin/feferr.htm)
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In the presence of compounds that also have thiéyabi chelate F&, the formation of
the Fe(ll)-ferrozine complex is inhibited leadirmgd decrease in color formation and a
lower absorbance at 562 nm. The greater tif& ¢teelating activity of a compound, the
greater the inhibition of Fe(ll)-ferrozine compléxrmation. Therefore, measuring the
inhibition of Fe(ll)-ferrozine complex formation maelp to elucidate whether DA or
6-OHDA is able to bind Fé& and which ligand has the strongest affinity fof Fe

10.2.2_ MATERIALS AND METHODS

10.2.2.1 Chemicals and reagents

DA hydrochloride, 6-OHDA hydrobromide, ferrozine damorse spleen ferritin were
purchased from Sigma Chemical Corporation, St Lovi®, U.S.A. EDTA and ferrous

sulfate were purchased from Merck, Darmstadt, Geyma

10.2.2.2 Chelating activity of DA and 6-OHDA

The Fé' chelating activity of DA and 6-OHDA was assessed rheasuring the
percentage (%) inhibition of the Fe(ll)-ferrozinentplex using the method of Decker
and Welch (1990). Reaction mixture (final volume n8l) containing increasing
concentrations (0.025, 0.05, 0.1, 0.2, 0.4 and 1)noMthe test compound (DA or
6-OHDA), ferrous sulphate ( 0.04 mM) and ferroz{0e2 mM) was incubated at room
temperature for 20 minutes. The absorbance ofdhetion mixture was then measured at
562 nm using a GBC 916 UV/VIS spectrophotometervéroabsorbance of the reaction
mixture indicated a higher chelating activity oetkest compound being studied. The
percentage inhibition of the Fe(ll)-ferrozine complformation was calculated using the
following formula: % inhibition of the Fe(ll)-fermne complex = [ (A— A1) / Ag] x 100,

where A is the absorbance of the control (reaction mixtuithout the test compound)
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and A is the absorbance in the presence of differenteatnations of the test compound.

EDTA, at the same concentrations as the test congsowas used as the positive control.

10.2.2.3 Iron release from ferritin assay

Iron reduction and release from ferritin was deiaed by the spectrophotometric
measurement of the Fe(ll)-ferrozine complexes (Bedoia and Babinec, 2005). Reaction
mixture containing ferritin (200 pg/ml), ferrozir{®.2 mM) and 6-OHDA (0.025, 0.05,
0.1, 0.2 and 0.4 mM) or DA (0.025, 0.05, 0.1, & 8.4 mM) was incubated at 37 °C in
phosphate buffered saline (pH 7.4) for 20 minufBise absorbance of the reaction
mixture was then measured at 562 nm using a GBCWWIK/IS spectrophotometer.
Higher absorbance of the reaction mixture at 562imaicated an increased release of
iron, as F& from ferritin. Control incubations contained thanse reaction mixture
except that 6-OHDA (or DA) was not added to thesmubbations. The amount of iron
released from ferritin by 6-OHDA and DA is expratses a percentage of the control

values.

10.2.3 RESULTS

Figure 10.5 shows that both DA and 6-OHDA are mapable of chelating E& Even at a
high concentration of 1 mM these drugs have nocefba the formation of the Fe(ll)-
ferrozine complex. EDTA was used as the positiverod since it has a high affinity for
iron (both ferrous and ferric iron) (Wong and Kitg901). The high affinity of EDTA for
Fe* makes it very difficult for any other chelatorginding ferrozine to compete for iron
binding. As a result of this EDTA is 100 % effeeiat inhibiting the formation of the
purple Fe(ll)-ferrozine complex at concentratiomeager than 0.1 mM. Figure 10.6
shows that both DA and 6-OHDA lead to a concerdratiependent release of iron, as
Fe’* from horse spleen ferritin. The 0.4 mM concentratbf DA results in a 30 %

increase in iron release from ferritin comparedhe control values. The addition of

226



Iron Interaction Studies

6-OHDA (0.4 mM) to control incubations increasee tielease of iron from ferritin by
183 %.

—e— 6-OHDA
—=—EDTA
—a— DA

120 4

% inhibition of the Fe(ll)-ferrozine
complex

0 — ‘ : — ‘
0 0.8 1 1.2

-20 -
Drug concentration (m M)

Figure 10.5: Percentage inhibition of the Fe(ll)-ferrozine coeypby DA, 6-OHDA and
EDTA. Each point represents the mean = SD (n = 5).

—e— Dopamine
—s— 6-Hydroxydopamine

290
240 A
190 A
140 A

e

0 0.1 0.2 0.3 04 0.5
Concentration (mM)

Iron release from ferritin (% control)

Figure 10.6: Release of iron from ferritin by DA and 6-OHDA erpsed as a percentage
of the control values. Each point represents them#eSD (n=5).
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10.2.4 DISCUSSION

As brain iron is primarily bound to ferritin in thierric form, its involvement in the
Fenton reaction requires that it be reduced téert®us form on release from its binding
site (Doubleet al, 1998). The results of the present study and ravipus studies
(Montinero and Winterbourne, 1989; Jellingetrr al, 1995) show that both DA and
6-OHDA, or a species formed during the oxidationtlidse molecules is capable of
releasing iron, as Eéfrom horse spleen ferritin. These agents can thereprovide
sufficient Fé" for Fenton chemistry to make «OH from®}in the presence of ferritin.
Hydroxyl radicals, in turn, can damage proteins,cleic acids and membrane
phospholipids, eventually leading to cellular degyation. The mobilization of iron from
ferritin has also been linked to changes in mitoch@l calcium homeostasis and
subsequent GSH depletion and oxidative stress (vfoadd Riederer, 1993).

6-OHDA was found to be more effective at releashi®j from ferritin than was DA.
This is probably related to the redox potentiaé (&ility to donate and receive electrons)
of these compounds. 6-OHDA is more readily oxidizegin DA and is therefore more
likely to donate an electron to ¥eo form Fé*. The manner in which these compounds
interact with the F¥ in the protein shell of ferritin may also be arpisrtant factor with
regard to the efficiency with which these agentsase iron from ferritin. Linerét al.,
(1996) reported that 6-OHDA reacts with*Falmost exclusively via an outer-sphere
mechanism at physiological pH, i.e. electron exdgeatakes place without the prior
formation of a metal-ligand complex. This is in t@ast to DA which forms relatively
stable bis- and tris- complexes with*Fat physiological pH (Jameset al, 2004).
However, the findings of Linert al (1996) are in contrast to that of another stugdy b
Doubleet al (1998), which shows that the ortho-dihydroxypHegrgup (catechol group)
of 6-OHDA is necessary for iron release from fawribecause the first stage of the
release process involves forming a Fe(lll)-cateatmhplex. A following experiment
will use adsorptive stripping voltammetry and cgalbltammetry in order to investigate
whether or not 6-OHDA forms a metal-ligand compieith Fe*. The following
experiment will also determine the oxidation poistof DA and 6-OHDA under the

228



Iron Interaction Studies

same pH conditions (pH 7.4) in order to investigdie correlation between the redox

potential of the compound and its ability to redéeitin iron.

The release of iron from ferritin by DA and 6-OHD#ay be due to the reduction of'Fe
to F&* by the parent compound (Equation 10.1) or by(@quation 10.2) formed during
the auto-oxidation of these compounds (Yoshetaal, 1995; Linertet al, 1996;
Babincova and Babinec, 2005). Lode al (1990) found that 6-OHDA-induced ¥e
release from ferritin is enhanced under anaerobiclitions. This suggests that it is the
reduced form of 6-OHDA, and not,Q that is responsible for 6-OHDA-induced iron
release. On the other hand DA-induced‘Felease from ferritin is increased under high
oxygen conditions and is reduced under low oxygemditions (Doubleet al, 1998).
This therefore suggests that the release of irom fferritin by DA may be due to O

" rather than DA itself. Claims that the reductidrilee iron within ferritin can be carried
out by DA itself is suspect because, at physiolagpHs, the bis and tris-complexes of
DA and Fé&" predominate, and are remarkably stable to intemlattron transfer
(Jamesoret al, 2004). Another possible mechanism for the reledsron from ferritin is
protein damage induced by *OH. In théFstate, iron breaks away from the lattice and

is released from the ferritin protein as solubl& &éa the channels in the protein shell.

Catechol + F& — SQe + Fé&" (Equation 10.1)
0, +Fe"— 0, + F&* (Equation 10.2)

This study also shows that DA and 6-OHDA, even whesed in relatively high
concentrations (1 mM) are unable to chelaté Bad inhibit the formation of the purple
Fe(ll)-ferrozine complex. The Eereleased from ferritin by 6-OHDA and DA would
therefore be free to elicit free radical formatiarhe inhibition of lipid peroxidation
induced by F& by DA and 6-OHDA can therefore not be explainedhy chelation of
Fe* by these compounds.
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A following experiment will investigate the abilityf DA and 6-OHDA to bind to P&
and prevent its recycling to Fethe oxidation state necessary for its particgath the

Fenton reaction.
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10.3 EFFECT OF SELEGILINE ON THE
FORMATION OF A FERROZINE-IRON (11)
COMPLEX

10.3.1_INTRODUCTION

Although the etiology of PD is not yet well estabked, accumulating evidences have
shown that iron-dependent oxidative stress, inegésvels of iron and MAO-B activity
and the depletion of antioxidants in the brain rbaymajor pathogenic factors in PD
(Zhenget al, 2005). A number of iron chelators (e.g. destedaimine) (Ben-Shachat
al., 1991), antioxidants (e.g. vitamin E) (Cadefal, 1989) and MAO-B inhibitors (e.qg.
SEL) (Ebadiet al, 1996, Knoll, 1995) have been shown to possessopeotective
activity and protect against the dopaminergic néegeneration induced by 6-OHDA
(Zhenget al, 2005).

A single neuroprotective effect (iron chelationedr radical scavenging or MAO-B
inhibition) may not be powerful enough to preveneuronal death in PD.
Neuroprotection in PD may therefore require a doognbining iron chelating with
antioxidant and MAO-B inhibitory properties. SEL svthe first highly selective inhibitor
of MAO-B (Knoll and Magyar, 1972), and is the ordglective MAO-B inhibitor in
world wide clinical use (Knoll, 1995). Chapter 5daé have shown that SEL also
possesses antioxidant properties, batkitro andin vivo by reducing the formation of
*OH and Q". The main aim of this study is to investigate ileetSEL possesses any
iron chelating properties.
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10.3.2 MATERIALS AND METHODS

10.3.2.1 Chemicals and reagents

SEL hydrochloride was purchased from Sigma Chenm@aporation, St Louis, MO,
U.S.A. All other reagents were purchased as desttiilb section 10.2.2.1.

10.3.2.2 Chelating activity of SEL

The Fé* chelating activity of SEL was assessed by usirgyrttethod of Decker and
Welch (1990) described in section 10.2.2.2. Renctioixture (final volume 5 ml)
containing increasing concentrations (0.025, 0@3, 0.2, 0.4 and 1 mM) of SEL,
ferrous sulphate ( 0.04 mM) and ferrozine (0.2 nvs treated as described in section
10.2.2.2.

10.3.3 RESULTS

Figure 10.7 shows that SEL results in a 20 % iniobiof the Fe(ll)-ferrozine complex.
However, the inhibition of Fe(ll)-ferrozine complérmation by SEL does not appear to
be concentration dependent. SEL is also less patectelating F&€ than is EDTA. At
concentrations between 0.1 and 1 mM, EDTA resultsamplete inhibition of Fe(ll)-
ferrozine formation while SEL still only causes eppmately 20 % inhibition between

these concentrations.
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Figure 10.7: Percentage inhibition of the Fe(ll)-ferrozine coepby SEL and EDTA.

Each point represents the mean = SD (n = 5).
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10.3.4 DISCUSSION

Chelating agents are usually flexible moleculeshwitvo or more electronegative
functional groups (e.g. —OH, -SH and —NH) that foantovalent bond with cationic
metal atoms. The structure of SEL (figure 10.8)sdaet therefore fit the mold of a

typical iron chelator since it only has one elegagative atom (nitrogen) in its structure.

CH;

N C
\\\‘\\ \
o \/ \C H

CH,

Figure 10.8: Structure of SEL.
(http://commons.wikimedia.org/wiki/Image:Seleqilisgucture.pnyy

The results of this study suggest that SEL has#pacity to bind F& ions. The results
also demonstrate that SEL is a relatively weak iborder compared to EDTA, which
was used as the positive control. The acetyleroaigr(alkyne group) of the propargyl
moiety of SEL is the functional group most liketytie involved in iron binding. Alkynes
are electropositive and tend to bind transitionatsetnore strongly than alkenes. Alkynes
have two sets of mutually orthogonal pi bonds aad bind to transition metals in a
sigma-type fashion and in a pi-type fashion (Gasko\et al, 2003).

The propargyl moiety is believed to be responsiblethe potent MAO-B inhibitory
activity of SEL (Zhenget al, 2005). N-propargyl-containing compounds such as
rasagiline, pargyline and clorgyline display highA® inhibitory activity. However,
removal of the propargyl moiety abolishes the iitbily activity of these compounds
(Youdim, 1978; Youdim and Weinstock, 2002). Thedmng of iron by the acetylenic
group of SEL may therefore affect the MAO-B inhdpit activity of this compound. The
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effect of iron binding on the MAO-B inhibitory aegtty of SEL therefore requires further

investigation.
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10.4 INTERACTION BETWEEN DOPAMINE,

6-HYDROXYDOPAMINE AND FERRIC IRON: AN

ELECTROCHEMICAL STUDY

10.4.1_INTRODUCTION

A chemical reaction in which electrons are transféfrom one species to another (redox
reactions) is the basis for electrochemical ansly§?ecsoket al, 1968). Most
electrochemical cells used for electroanalyticalasugements utilize three electrodes,

namely, a working, a reference and an auxiliary ¢ounter) electrode (Bard and

Faulkner, 1980), as depicted in figure 10.9.

Meweable

Nitrogen or

Helium
Inlet

Glass Cell

(Pt wite)

Electrodes

Referance

Ailiary (Ag/ApCl) Working
(Pt, Au or C)

Electrode
(Geometries
Used

Porous Frit

Cvhindes

Figure 10.9: Most electrochemical cells utilize a three electraystem as shown here.

(http://www-

biol.paisley.ac.uk/marco/Enzyme Electrode/Chapkatbcene animated CV1.htm
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The working electrode is the electrode at which d@halyte is oxidized or reduced i.e.

electron transfer reactions occur at the surfadhisfelectrode. The reference electrode
maintains a constant potential and serves as a@ergfe standard against which the
potential of the working electrode can be measurée. auxiliary electrode serves as a
source or sink of electrons so that current capassed from the external circuit through
the cell (Bard and Faulkner, 1980).

In the following experiments two electroanalytica@chniques, adsorptive stripping
voltammetry (AdSV) and cyclic voltammetry (CV) wesenployed to study the ability of
DA and 6-OHDA to bind F& under de-aerated conditions. The study was coadunt

agueous media and under biological pH conditions.

10.4.1.1 Adsorptive stripping voltammetry

Adsorptive stripping voltammetry (AdSV) exploitsetimatural tendency of analytes to
pre-concentrate at an electrode and is a usefatretdemical technique for studying

metal-ligand interactions (Limson, 1998).

The first step in AdSV is the reaction of the matval to be studied with a suitable ligand
leading to the formation of a metal-ligand comp{eguation 10.3) (Limsoast al., 1998).
This is followed by the controlled interfacial acculation (adsorption) of the metal-
ligand complex onto the electrode at a fixed ddpmmspotential (equation 10.4) (Limson
et al, 1998). The third step is the electrochemicadiiive stripping step (Limsost al,
1998). It involves the reduction of the adsorbedatkgand complex by application of a
potential in the negative direction, releasing thetal and ligand back into solution
(equation 10.5) (Limsoet al, 1998). The flow of electrons during the laspgpeoduces
a cathodic current which peaks at the reductioremi@l of the complex. The current
produced is a direct measure of the rate at whedigtion occurs (Limsoat al, 1998).

The resulting plot of current versus potentialaied a voltammogram.
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M™ + x(Ligand}q— M(Ligand) o+ XnH" (Equation 10.3)

M(Ligand) .q — M(Ligand), ads (Equation 10.4)
M(Ligand), ags+ XNH" + ne - M"™ + x(Ligand),  (Equation 10.5)

A metal species at an electrode will produce aattaristic voltammogram at a specific
potential, with current being proportional to thenaunt of analyte at the electrode
(Limson, 1998). When a suitable ligand is added toetal solution, the ligand facilitates
movement of the metal to the electrode (Limson,8)9%heoretically then, the binding
of a metal to a ligand should bring about an ineeem the current response observed.
The extent of the increase in current responsbefrtetal on addition of the ligand is an
indication of the affinity of the ligand for the ma¢ (Limsonet al, 1998). A lowering in
the current response at relatively high analyte ceotrations indicates possible
competition between the free ligand and the mégahkld complex for binding sites at the
surface of the electrode (Limson, 1998). A decraaseurrent response at low ligand
concentrations is more likely due to the formatidra strong metal-ligand complex that

is not easily reduced to produce a cathodic cultentson, 1998).

The formation of a metal-ligand complex may alsaseaa shift in potential resulting
from the reduction of a new species at the eleetrdthe extent of the shift in the
reduction potential of the metal after the formatiof a metal-ligand complex is an
indication of the stability of the metal-ligand cplex (Limsonet al, 1998). A negative

potential shift indicates the formation of strongtal-ligand complex (which has a lower
tendency to become reduced) while a large possiing is associated with the formation

of a weaker metal-ligand complex (Limson, 1998).
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10.4.1.2 Cyclic voltammetry

Cyclic voltammetry (CV) measurements have been usednany years to evaluate
electron transfer reactions between molecules @ecisp in solution (Koheat al, 2000).

In these techniques, an electrical potential gradie applied (relative to the reference
electrode) across the electrode-solution interfaceking electrode) to oxidize or reduce
species present in solution (a linear potentiadigrat is applied in the case of CV)
(Kohenet al, 2000; Ligumskyet al, 2005). The operation of the voltammeter resuoles
recording of the potential versus current curvelicywoltammogram (figure 10.10). The
voltammogram provides information concerning thermmodynamics, kinetics, and
analytical features of the electrochemical spegreter investigation (Koheet al, 2000;
Ligumsky et al, 2005). Although many factors determine the shapeé value of the
current wave (form of applied potential, electrailse and geometry, size of the energy
barrier for electron transfer, interaction betwe#re electrode surface, and the
electroactive molecules), voltammetric waves angallg obtained in a peak shape or
sigmoidal mode (Koheewt al, 2000). The position of the current wave on toéage
axis (the x-axis of the voltammogram) can be deiteech and is referred to as the
potential where the peak current (peak potentikip{a)) or inflection point (half-wave
potential, E;) occurs ((Kohenet al, 2000; Ligumskyet al, 2005). The oxidation
potential of a compound is defined as the potenttadre Ep(a) is observed for a given
set of conditions (Koheat al, 2000). The peak potential location on the x-gspecific
ability of the compound to donate electrons) réfidhe nature or type of the compounds
present in the sample (Ligumsky al, 2005). The size of the anodic current (AC, la),
calculated from the y-axis of the voltamogram, ngpgortional to the concentration of the
substrate in the bulk solution (Bard and Faulkd€®80). These two parameters (peak
potential and AC) are characterized as the redupmger parameter and can supply
information regarding the type of reducing anti@its (their ability to donate electrons)

and their total concentration (Kohenal, 2000).
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Figure 10.10:A typical cyclic voltammogram (Limson, 1998).

Electroactive species produce characteristic regitkerns in solution. Changes in the
current intensity and the redox behaviour of th#orewaves provide insight into the
interaction of species in solution. Redox couplestgpically located by potential scans
encompassing the entire accessible window periatieklectrode (Limson, 1998). The
forward scan generates the oxidized species andetrerse scan the reduced species
(Limson, 1998). Changes in the potential and ciirresponse are good indicators of
alterations in the chemistry of the electroactipecies in solution, such as that which

occurs during an exchange of electrons in a migahtl bond.
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10.4.2 MATERIALS AND METHODS

10.4.2.1 Chemicals and reagents

DA hydrochloride, 6-OHDA hydrobromide and Tris-H@kre purchased from Sigma
Chemical Corporation, St Louis, MO, U.S.A. Anhydsoferric chloride (FeG) was
purchased from Merck, Darmstadt, Germany.

10.4.2.2 Instrumentation

Adsorptive stripping voltammograms and cyclic voltaograms were recorded on an
Autolab PGSTAT 30 voltammeter equipped with a MetnoVGA cell stand. A 3 mm
glassy carbon electrode (GCE) was employed as thekiwg electrode for the
voltammetric experiments. A silver/silver chlorigdg/AgCl) [(KCI = 3 M)] and a
platinum wire were used as the reference and amnyxiélectrodes, respectively, in all the
voltammetric experiments. Prior to use and betwseaans, the GCE was cleaned and
polished with alumina on a Buehler pad, followed ibymersion in dilute nitric acid

solution and rinsing in Milli-Q water.

10.4.2.3 Adsorptive stripping voltammetry

An appropriate concentration of FgQGlas introduced into the electrochemical cell
containing the electrolyte, 0.2 M Tris-HCI, pH 7Bhe electrolyte was then deaerated
with nitrogen for 5 minutes with simultaneous smlntstirring. The reason for deaerating
the solution is to minimize the interference of gey with the electrochemical
measurements. Thereafter, an optimum depositioaniat for the F& was identified
and applied for 60 seconds to affect the adsormtfdhe metal ion onto the surface of the
GCE. A potential scan in the negative directiomfrthe deposition potential to at least

0.5 V beyond the reduction potential of the metaswapplied, at a scan rate of 0.1Y.s
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to strip the adsorbed species from the GCE. Dutiegstripping step, current responses
due to the reduction of the metal species were onnedsas a function of potential. The

GCE was then cleaned and polished as describegttios 10.4.2.2. The procedure was
repeated between successive additions of apprepciatcentrations of either DA or

6-OHDA (0 — 0.06 mM) to the electrolyte containig FE" in the electrochemical cell.

Current versus concentration and potential versnsentration plots were constructed to
measure the extent of shifts in current responskraduction potential of metal with

increasing concentrations of the ligand (either @/A-OHDA).

10.4.2.4 Cyclic voltammetry

For the cyclic voltammetric experiments, approgriadncentrations of 6-OHDA or DA
were added to the electrochemical cell containing Tris-HCI, pH 7.4 as the
electrolyte. The electrolyte was then degassedsfoninutes with nitrogen to prevent
interference by any oxygen effects. A potentialdaw was then scanned to characterize
and provide a fingerprint of the species in solutidhe GCE was then cleaned and
polished as described in section 10.4.2.2. Thegoho®e was repeated between successive
additions of appropriate concentrations of ‘e the electrolyte containing either DA or

6-OHDA in the electrochemical cell.
Changes in current response and potential werenaasén order to investigate whether

6-OHDA and DA were binding the Feions to form a new species (metal-ligand

complex) in the solution.
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10.4.3 RESULTS

10.4.3.1 Adsorptive stripping voltammetry

Figure 10.11 shows the adsorptive stripping voltamgram for F&" in solution, with a
peak current response of 2.10 x°18 and a reduction potential of -0.39 V. The adufiti
of increasing concentrations of DA (0.01 — 0.06 nid}jhe electrochemical cell causes a
concentration dependent-shift in the reduction mtide of F€* towards more negative

potentials (figure 10.12) and a decrease in theeatiresponse (figure 10.13).

——0.01mM Fe(lll
3E-06 - ——0.01mM Fe(lll) + 0.01mM DA
0.01mM Fe(lil) + 0.02mM DA
0.01mM Fe(lll) + 0.04mM DA
2.E-06 ~
——0.01mM Fe(lll) + 0.06mM DA
< 2.E-06 -
1=
o
3 1.E-06 -
5.E-07 ~
0.E+00 \ : ' T T T \ \ |
0.20 0.00 -0.20 -0.40 -0.60 -0.80 -1.00 -1.20
Potential (V)

Figure 10.11: Adsorptive stripping voltammogram for ¥€0.01 mM) alone and in the

presence of increasing concentrations of DA (0.0106 mM).
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Figure 10.12: Effect of increasing concentrations of DA on thduetion potential of
0.01 mM Fé".
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Figure 10.13:Effect of increasing concentrations of DA on thalpeurrent response of
0.01 mM Fé&".
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The adsorptive stripping voltammogram of *Fein the presence of increasing
concentrations of 6-OHDA is depicted in figure ¥.The peak formed at -0.29 V is
attributed to 6-OHDA. A scan of 6-OHDA alone shoits reduction potential in the
same region. Initially there is a decrease in eurresponse and a small shift to more
negative potentials at a metal to ligand ratio of And 1:2. However, at higher
concentrations of 6-OHDA the peak attributed to I8BIA interferes strongly with the
Fe* peak. The results of this voltammetric experimemet therefore not conclusive (due
to the interference of the 6-OHDA peak). For tleason cyclic voltammetry was used to
confirm whether or not 6-OHDA has the ability todiFée”.

— 0.01mM Fe(lil)
—— 0.01mM Fe(lil) + 0.01mM 6-OHDA
—— 0.01mM Fe(lll) + 0.02mM 6-OHDA
3.E-06 1 0.01mM Fe(lll + 0.04mM 6-OHDA
—0.01mM Fe(lil) + 0.06mM 6-OHDA
2.E-06 7 ——0.01mM Fe(lll) + 0.08mM 6-OHDA
< 2.E-06 -
I
o
3o 1.E-06 -
5.E-07
0.E+00 e : : : : : ‘
0.20 0.00 -0.20 -0.40 -0.60 -0.80 -1.00 -1.20
Potential (V)

Figure 10.14: Adsorptive stripping voltammogram for ¥€0.01 mM) alone and in the

presence of increasing concentrations of 6-OHDA16- 0.08 mM).
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10.4.3.2 Cyclic voltammetry

Figure 10.15 presents a series of cyclic voltamrmaimgr of dopamine in the presence of
increasing concentrations of ¥eln figure 10.15, peak 1 (0.17 V) and 2 (0.11 V& a
assigned to the DA redox peaks. Peak 3 is moslylitee redox peak of one of the
oxidation products of DA. Peak 3 has a reductioteimal of -0.28 V, similar to that
observed for dopaminochrome (Wangt al, 2006). Compared to the cyclic
voltammogram obtained with DA alone, an increasthénconcentration of Becaused a
rapid and concentration-dependent decrease in peak the forward scan and a rapid
decrease in peaks 3 and 4 on the reverse scaibAlpeak (peak 1) also shifts to a more
positive potential with increasing Eeconcentration. The cyclic voltammogram of DA
strongly suggests that DA has the ability to bied o form a metal-ligand complex and
confirms the results of the AdSV study.

— 0.05mM DA

—— 0.05mM DA + 0.01mM Fe(lll)
—— 0.05mM DA + 0.02mM Fe(lll)
—— 0.05mM DA + 0.04mM Fe(lll)
—— 0.05mM DA + 0.06mM Fe(lll)

8.E-06 4

6.E-06

4.E-06 -

Current (A)

S .
o

Potential (V)

Figure 10.15: Cyclic voltammogram of DA alone and in the presendncreasing

concentrations of F&
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Figure 10.16 presents a series of cyclic voltammwogr of 6-OHDA alone and in the
presence of increasing concentrations of*'F¢0 - 0.06 mM). 6-OHDA is
electrochemically active at the GCE, meaning tlealox waves are observed for this
compound. In figure 10.16, peak 1 (-0.15 V), thedia wave and peak 2 (-0.20 V), the
cathodic wave are assigned to the 6-OHDA redox aeail increase in the concentration
of F€"* had no effect on peak 1 during the forward scansfgnificant change in current
response or potential) and caused a small increaglee current response of peak 2
during the reverse scan without any observable npateshift. The peak formed at
-0.40 V (peak 3) is attributed to ¥eA scan of F& alone shows its reduction potential
in the same region. The cyclic voltammogram in g 0.16 therefore provides no
evidence for the formation of a metal-ligand completween 6-OHDA and B&in

solution.

—0.05mM 6-OHDA
——0.05mM 6-OHDA + 0.01mM Fe(lll)
0.05mM 6-OHDA + 0.02mM Fe(lll)

—0.05mM 6-OHDA + 0.04mM Fe(lll)
8.0E-06 -

0.05mM 6-OHDA + 0.06mM Fe(lll)

-0.8

Current (A)

-8.0E-06 -

Potential (V)

Figure 10.16:Cyclic voltammogram of 6-OHDA alone and in the mese of increasing

concentrations of B&
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10.4.4 DISCUSSION

The reactivity of iron varies greatly depending e environment that the chelator
provides (Welchet al, 2002). In general, iron is liganded by electgateve atoms,
particularly by oxygen, nitrogen and sulphur ator@helators affect the reduction
potential of iron, i.e. the ease with which ironrésiuced. Oxygen ligands prefer®te
thus the reduction potential of the ligand is ulualecreased (Milleret al, 1990).
Conversely, nitrogen and sulphur ligands preféf,R@aus the reduction potential of the

iron is usually increased (Milleat al,, 1990).

Therefore, chelators with oxygen atoms, such astd@W to inhibit the reduction of Fe

to FE€*. This is consistent with the results of the préselectrochemical study. The
AdSV of F€" in the presence of increasing concentrations of (igure 10.11) shows
that DA has the ability to form a complex with*Fevhich has a more negative reduction
potential than F& alone. Therefore, DA forms a complex with*Fehat is more difficult

to reduce to P& than F&" alone and is therefore likely to curtail the retifore of FE* to
Fe?*, the form of iron required for the Fenton reactiBhe shift in the reduction potential
of the metal after the formation of a metal-ligarmnplex is an indication of the stability
of the metal-ligand complex (Limsoet al, 1998). Figure 10.12 shows that there is a
relatively large shift in the reduction potential Be®* as the concentration of DA
increases, this indicates that a relatively staldmplex has been formed. Since low
ligand concentrations were used during the presamty, the decrease in the current
response of F& after the formation of a Fe(lll)-DA complex (figs 10.11 and 10.13)
indicates that a greater potential is requiredterreduction of the complex, than that of
the free metal species. This implies that the BelDA complex is strong enough to
inhibit the cathodic current flow. This is expectedthe Fe(lll)-DA complex since it has
a more negative reduction potential thari"r@one and is more difficult to reduce than

the free metal ion.

Ferric-stabilizing chelators are protective if thgsrevent F& from being recycled to

Fe?*. The chelation of F& by dopamine suggests that the increase in *OHugtimh on
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addition of DA to the Fenton system (chapter @rabably not due to the involvement of
Fe* in the production of *OH by the Fenton reactiomud, the observed effect is
probably a consequence of the reported capaciBebfto catalyze the auto-oxidation of
DA, leading to increased *OH production (Linert alaaneson, 2000). The ability of DA
to bind F&" does not therefore reduce *OH production by thedfesystem (chapter 6),
however the binding of this metal ion may helprtbibit iron-induced lipid peroxidation
via another mechanism. A possible mechanism in lvinen could be involved in the
intiation of lipid peroxidation involves the formam of a Fe(lll)-Fe(ll) complex. This
mechanism has been proposed by many researchease(gt al, 1983; Tang and Shen,
1997; Djuric et al, 2001). The inhibition of iron-induced lipid peidation by DA
(chapter 7) may, at least in part, be due to théhabf DA to alter the ratio of F&to
Fe** and not by scavenging or inhibiting *OH formati@espite the inhibition of iron-
induced lipid peroxidation, DA actually acceleratissnage to proteins in the presence of
iron. This finding only makes sense if the oxidatiof these biomolecules occurs via
different mechanisms (see chapter 8 for the passit@chanisms by which DA increases
protein oxidation). If the oxidation of proteinsdalipids occurs via the same mechanism,
their oxidation would be inhibited or stimulated the same chemicals (Wel@&ht al,
2002).

The AdSV of F&" in the presence of increasing concentrations GHBA did not give
reliable information regarding whether or not 6-OM@orms a metal-ligand complex
with Fe* since the 6-OHDA peak interfered strongly with Be* peak. For this reason,
cyclic voltammetry was used in order to investigatieether any binding took place
between these two species in solution. Figure 18H@&wvs that there was very little
change in the cyclic voltammogram of 6-OHDA in tlpgesence of increasing
concentrations of B& This is indicative of no complex formation betwe&OHDA and
Fe*. This finding is therefore in agreement with thedy of Linertet al (1996) that
proposed that 6-OHDA interacts with¥eia an outer sphere electron transfer reaction
without the prior formation of a 6-OHDA-Fe(lll) cqtex. The inhibition of iron-induced
lipid peroxidation by 6-OHDA can therefore not bepkained by the chelation of Feor
Fe’*, or the scavenging of *OH and must occur via sother mechanism (chapter 7).
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The cyclic voltammogram of DA showed significantfshin both current response and
potential for the DA redox peaks. This strongly lrep complex formation between DA

and F&" and confirms the result of the AdSV experiment.

The cyclic voltammogram of 6-OHDA and DA show tiila oxidation potential (Ep(a))
of 6-OHDA is around -160 mV and that of DA is apyroately 176 mV at pH 7.4. The
lower oxidation potential of 6-OHDA may account ft& enhanced ability to release iron

from ferritin when compared to DA.
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10.5INTERACTION BETWEEN SELEGILINE AND
FERRIC IRON: AN ELECTROCHEMICAL STUDY

10.5.1_INTRODUCTION

The results of the ferrozine assay in section Hé@onstrate that SEL has wealk’'Fe
chelating activity. SEL was able to inhibit Fe(l&rozine complexation more effectively
than DA or 6-OHDA, this finding is surprising codsering that SEL has only one
electronegative N atom in its structure. It wastplased that the alkyne group in the SEL
molecule was responsible for the chelation of*Fén addition to MAO-B and
antioxidant activity, SEL may possess some metalating activity. The present
investigation was performed in order to investigatether an interaction exists between
SEL and F& in solution using adsorptive stripping voltammetry

10.5.2_ MATERIALS AND METHODS

10.5.2.1 Chemicals and reagents

SEL hydrochloride was purchased from Sigma Chenf@aiporation, St Louis, MO,
U.S.A. All other chemicals were purchased as deedrin section 10.4.2.1.

10.5.2.2 Instrumentation

As described in section 10.4.2.2.
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10.5.2.3 Adsorptive stripping voltammetry

The procedure outlined in section 10.4.2.3 wasovVadld, except that increasing
concentrations of SEL, instead of DA or 6-OHDA, wedded to the Eesolution in the

electrochemical cell between scans.

10.5.3 RESULTS

—0.01mM Fe(lll)
——0.01mM Fe(lll) + 0.01mM SEL
3.E-06 -
0.01mM Fe(lll) + 0.02mM SEL
2 E-06 | — 0.01mM Fe(lll) + 0.04mM SEL
——0.01mM Fe(lll) + 0.06mM SEL
2.E-06 |
<
% 1.E-06 -
S
@)
5.E-07
0.E+00 |
0.20 0.00 -0.20 -0.40 -0.60 -0.80 -1.00 -1.20
-5.E-07 -
Potential (V)

Figure 10.17: Adsorptive stripping voltammogram of ealone and in the presence of

increasing concentrations of SEL (0.01 — 0.06 mM).
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In figure 10.17, the AdSV for 0.01 mM Fealone in 0.2 M Tris HCI, pH 7.4 buffer
shows a peak current response of 2.20 XA Gt a reduction potential of -0.38 V. The
addition of increasing concentrations of SEL cauaesignificant and concentration-
dependent shift in the reduction potential, to muegative potentials, and a decrease in
current response. Figures 10.18 and 10.19 illestre concentration dependent decrease
in the reduction potential and peak current respaf€).01 mM F& in the presence of

increasing concentrations of SEL.

-370 ~
-375 4
-380 -
-385 -
-390 -
-395 -

Potential (mV)

-400 -

-405 -

'410 T T T T T T 1
0 1 2 3 4 5 6 7

Fe(lll) (0.01mM) + SEL (x 0.01mM)

Figure 10.18: Effect of increasing concentrations of SEL on thduction potential of
the 0.01 mM F&.

253



Iron Interaction Studies
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Fe(lll) (0.01mM) + SEL (x 0.01mM)

Figure 10.19:Effect of increasing concentrations of SEL on tealpcurrent response of
0.01 mM Fé".

10.5.4 DISCUSSION

The results of the present electrochemical studyvsthat SEL has the ability to form a
complex with F& which is more difficult to reduce , but easieotadize than F& alone
and is therefore likely to inhibit the reduction € to F&*. Figure 10.18 demonstrates
that SEL has a concentration dependent effect erdétrease in reduction potential of
Fe*. The binding of F& by SEL , may inhibit the reduction of ¥e¢o F&* and provide
another mechanism by which SEL can inhibit irondioed lipid peroxidation (chapter 7),

besides its direct scavenging properties (chapter 6

Figure 10.19 illustrates that SEL causes a conatoitr dependent decrease in the current
response of P& This is expected since the Fe(lll)-SEL comples amore negative
reduction potential and is consequently more diffito reduce than the free metal ion,

this in turn would hinder the cathodic current flow
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As mentioned previously, the acetylenic group (atkkgroup) of the SEL molecule is the
functional group most likely to be involved in irdanding. This group is important for
the MAO-B inhibitory potency of SEL and further easch should be done to investigate
the effect of iron binding on the MAO-B inhibitoactivity of SEL.
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CHAPTER ELEVEN

11.1 SUMMARY OF RESULTS, CONCLUSIONS
AND RECOMMENDATIONS FOR FUTURE
STUDIES

11.1.1 SUMMARY OF RESULTS

CHAPTER 2: Stability of 6-Hydroxydopamine and its formation from dopamine

The stability of 6-OHDA under acidic, physiologicahd basic pH conditions was
investigated in this chapter. 6-OHDA was most &alan acidic pH (0.1 M HClpand
was very unstable under physiological (0.1 M PB$,7p4) and basic pH (0.1 M NaOH)
conditions. The stability of 6-OHDA was also depemidon ascorbic acid concentration.
Ascorbic acid increased the stability of 6-OHDAOGIDA was found to be most stable
in 0.1 M HCIQ, containing 1 mM of ascorbic acid. The resultsha stability study were
used to minimize the loss of 6-OHDA during sampterage, homogenization and
analysis in the experiments that followed. The Itesaf this chapter also confirm the
previously published observation that DA reactshvitee *OH invitro to produce the
neurotoxin 6-OHDA. This conversion of DA to 6-OHDAVvitro is inhibited by SEL in a

concentration dependent manner.

Production of 6-OHDA has been postulated to ogouvivo. The results of chapter 2
demonstrate that no detectable amount of 6-OHDA fwasd in the striatum after a
single large dose of LD (50 mg/kg) or after acui®@ administration (10 mg/kg/bd for
seven days). The co-administration of LD (10 mdikiy/with SEL (2.5 mg/kg/bd) for
seven days also did not result in any detectableuamof 6-OHDA in the striatunm
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vivo. In addition to this, an increase in striatal ilmntent prior to the administration of
LD and SEL also did not result in the formatiordetectable amounts of 6-OHDA in the

striatum.

Chapter 3: Pineal indole metabolism

The aim of chapter 3 was to assess the effect bfdin vitro andex vivopineal indole
metabolism. The results of tha vitro experiment demonstrate that SEL, at a
concentration of 1QuM, increases the production of MEL and NAS by the pineal
gland and results in a significant decrease inntmmoamine oxidase products formed
from 5-HT. The results of theex vivo experiment demonstrate that the acute
administration of SEL (2.5 mg/kg/bd) for seven dagsults in a significant increase in
NAS levels, however, levels of MEL, 5-HTOH, 5-HIAA-MTOH and 5-MIAA were
not significantly altered. The resultant increasepineal NAS levels following SEL
administration could have implications in neuropation as NAS has been demonstrated
to be a potent antioxidant in the brain. The ris@&AS induced by SEL in rats may be
another mechanism by which this drug can proteeinsg 6-OHDA formation and

toxicity.

Chapter 4: Neurotransmitter levels

The aim of chapter 4 was to investigate the eftédtD and SEL on neurotransmitter
levels in the striatum and hippocampus. LD treatm@0 mg/kg/bd for seven days)
results in a significant increase in striatal amgpbcampal DA, DOPAC and NE levels.
Despite a two-fold increase in striatal DA levelsere was an absence of detectable
levels of 6-OHDA in the striatum (chapter 2). Stalaand hippocampal levels of 5-HIAA
and 5-HT were unchanged following LD administratié®hen used on its own, SEL
(2.5 mg/kg/bd for seven days) results in an in@aasstriatal DA levels and a decrease
in levels of DOPAC and HVA. This effect is attriledtto the MAO-B inhibitory action
of SEL. The effect of SEL on DA, DOPAC and HVA lévevas limited to the striatum
since the administration of SEL had no effect on, MOPAC and HVA levels in the

257



Summary of Results, Conclusions and Recommendatiof@r Future Studies

hippocampus. SEL treatment has no significant etiacstriatal or hippocampal levels of
NE, 5-HT or 5-HIAA. The elevation of NAS productidsy the pineal gland following
SEL administration (chapter 3) can therefore notatieibuted to inhibition of the
MAO-mediated metabolism of NE or 5-HT. The increase NAS after SEL
administration is therefore most likely due to wmesed NAT activity. The
co-administration of LD with SEL did not result amy significant change in striatal or
hippocampal levels of DA or 5-HT compared to theele of these neurotransmitters
obtained with the use of LD alone. However, theadministration of these drugs causes

a decrease in striatal NE levels compared to theldeobtained with the use of LD alone.

Chapter 5: Superoxide anion formation

This chapter demonstrates that DA and 6-OHDA irsgesuperoxide anion generation in
whole rat brain homogenaite vitro. The increased generation of @an be attributed to
the formation of @ during the auto-oxidation of these compounds db agethe ability

of DA and 6-OHDA to obstruct the flow of electroabng the mitochondrial electron
transport chain and enhance the production £7 Iy increased electron leakage onto
oxygen. The co-incubation of rat brain homogenath WA and SEL demonstrates that
SEL is able to abolish the rise in’Gnduced by DA. However, SEL has no effect on the
increased production of Oinduced by 6-OHDA. This may be due to the higlzée of
auto-oxidation of 6-OHDA compared to DA. 6-OHDA siteb therefore be able to
generate larger amounts of,'0Oin a given time than DA. 6-OHDA is also a more
powerful reducing agent than is DA and may obstratgctron flow along the
mitochondrial electron transport chain by maintaincomponents of the chain in the
reduced state. In addition to this, 6-OHDA is measily converted to quinone oxidation
products than is DA. DA-Q and 6-OHDA-Q can bindthiol groups in mitochondrial
proteins. Thiol cross-linkage of mitochondrial mios is associated with mitochondrial
dysfunction and increased ROS formation.

This chapter also demonstrates that LD treatmeht{d@/kg/bd for seven days) results in
a significant increase in striatal, Oproductionin vivo. The co-administration of SEL
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(2.5 mg/kg/bd for seven days) with LD results imgrsficantly lower striatal @
production compared to that observed in rats ra@ogionly LD. The inhibition of @
production by SEL may be due to direct scavengin@0 by SEL or due to the ability
of SEL to up-regulate £ metabolizing systems, particularly SOD.

Chapter 6: Hydroxyl radical formation

This chapter demonstrates that DA enhances *OHuptmoh by Fenton chemistrin
vitro. Similar results were also previously obtainedhwBtOHDA (Méndez-Alverezt
al., 2001). In the presence of a mixture of Fe(ll)JIEDand HO,, hydroxyl radicals are
formed that react with salicylate to form 2,3-DHBAR,5-DHBA and CAT. These
hydroxylated products of salicylic acid can be difera using HPLC-ECD. The addition
of DA to the Fenton system results in a concemmnatiependent increase in the formation
of 2,3-DHBA, 2,5-DHBA and CAT. Therefore, despiteetfact that DA can scavenge
*OH to form 6-OHDA (neurotoxin), 5-OHDA and 2-OHDA, also has the potential to
enhance *OH generation under the same conditioss Effect is probably a
consequence of the reported capacity of iron talga¢ the auto-oxidation of DA. In
addition to this, the results of chapter 2 show #@H can convert DA to 6-OHDA, a
compound which has a higher rate of auto-oxidatitan DA. The increased <OH
production by DA is also dependent on the ascoalsid concentration. Ascorbic acid
causes an increase in the overall production of BQkhe Fenton system, which is most
likely due to its ability to reduce Eeto F&*, however, when ascorbic acid is present at
high enough concentrations it prevents the riseQrl induced by DA. This is most
probably due to the ability of ascorbic acid toamt the auto-oxidation of DA and the
resultant generation of *OH. SEL was able to irthtbe DA induced rise in «OH

production by the Fenton system in a concentratependent manner.
The aim of this chapter was also to investigatethdreacute LD treatment (10 mg/kg/bd

for seven days) results in an increased *OH proaiudh the striatum. The results of the

in vivo study found no evidence that LD treatment increagdatal «OH in the brain.
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SEL treatment (2.5 mg/kg/bd for seven days) alse ha effect on striatal *OH

productionin vivo.

Chapter 7: Lipid peroxidation studies

The results of this chapter show that the additibRenton reagents (Fe(ll)-EDTA{B,
and ascorbate) to rat brain homogenate resultsmar&ed increase in lipid peroxidation.
DA and 6-OHDA cause a significant and concentratiependent decrease in the lipid
peroxidation stimulated by the Fenton syst@nvitro. Some investigators postulate that
the inhibition of lipid peroxidation by catecholames is due to their ability to scavenge
*OH and to chelate iron, thereby slowing or prewgn®OH formation by the Fenton
reaction. However, chapter 6 contradicts this hliypsis since it demonstrates that DA
and 6-OHDA have the ability to enhance «OH produrctinder similar conditions. The
inhibition of lipid peroxidation by these compounaisist therefore occur via a different
mechanism. It is thought that the semiquinone eddmrmed during the auto-oxidation
of these compounds may be preventing the propagafibpid peroxidation by acting as
a chain breaking antioxidant. SEL was also showmliibit lipid peroxidation induced
by the Fenton systein vitro. However, much higher concentrations of SEL areded

to inhibit lipid peroxidation than DA or 6-OHDA. Bhcombined action of DA and SEL
enhances the reduction of lipid peroxidation by &Aow DA concentrations. However,
when higher concentrations of DA were used, thelgped action of DA and SEL

actually resulted in higher levels of lipid peroaiobn than the use of DA alone.

The in vivo study demonstrates that the intrastriatal injectd ferrous iron (10 nmol)
results in a significant increase in striatal liidroxidation. The treatment of the’Fe
infused rats with LD, SEL or a combination of thedmigs results in a significant
decrease in the Fe(ll) induced lipid peroxidatiorlowever, there was no significant
difference in lipid peroxidation levels between tt2 treatment group and the group that
received LD and SEL.
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Chapter 8: Protein oxidation studies

The results of this chapter demonstrate that tlvebation of rat brain proteins with
Fenton reagents causes a significant increaseoteiprcarbonyl content. The addition of
DA or 6-OHDA to incubations also causes a signifidacrease in the carbonyl content
of rat brain proteins. The increase in carbonylteonis greater for 6-OHDA than DA.
The combined action of (DA + Fenton system) andOMPDA + Fenton system)
significantly augments the carbonyl content obtdingh the Fenton system alone. This
increase in carbonyl content is dependent on tineexdration of DA or 6-OHDA used.
The protein oxidation induced by DA and 6-OHDA ablie related to free radical
production during the auto-oxidation of these moles or covalent binding of DA-Q and
6-OHDA-Q to the protein. SEL is unable to inhibitet protein oxidation induced by
6-OHDA and DA. This finding suggests that the qum@mxidation products of DA and
6-OHDA rather than ROS are involved in the protexidation induced by these
compounds. SEL has been shown to inhibit the promluof ROS by DA and 6-OHDA
(chapter 5 and 6).

Thein vivo study demonstrates that the intrastriatal injectibferrous sulfate (10 nmol)
results in a significant increase in striatal protexidation. However, the results of the
study do not support the hypothesis that an inereastriatal DA concentration produces
oxidative damage to proteins because the i.p. adtration of LD (10 mg/kg/bd for
seven days), SEL (2.5 mg/kg/bd for seven days) @ymabination of these drugs has no
significant effect on iron-induced protein oxidatio

Chapter 9: Total glutathione content

Chapter 9 demonstrates how the incubation of @hldlromogenate with Fenton reagents
causes a significant reduction in the total GSHt@onof the homogenate. Incubation of
rat brain homogenate with DA or 6-OHDA also cauaesignificant decrease in total
GSH content. The combined action of (DA + Fentostey) and (6-OHDA + Fenton

system) causes a greater reduction in total GSkkenbmvhen compared with the values
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obtained for the Fenton system alone. The deciiedbe thiol content is most likely due
to the ability of DA-Q and 6-OHDA-Q to bind to thieiol groups of the GSH molecules.
SEL is unable to inhibit the reduction of total G8tdluced by the combined action of
(DA + Fenton system) or (6-OHDA + Fenton system).

The in vivo study shows that the intrastriatal injection of*Feauses a significant
decrease in the total GSH content of the striaflinis decrease in GSH is not attenuated
or enhanced by treatment with LD (10 mg/kg/bd ®ren days), SEL (2.5 mg/kg/bd for

seven days) or a combination of these drugs.

Chapter 10: Iron interaction studies

The results of the ferrozine assay demonstrateDhaand 6-OHDA, even when used at
relatively high concentrations are unable to cleel#* and inhibit the formation of the
purple Fe(ll)-ferrozine complex. This chapter atamonstrates that SEL has weak'Fe
chelating activity and produces a 20 % inhibitidrFe(ll)-ferrozine complex formation
when used at concentrations ranging from 0.025wML The results of this chapter also
confirm the previously published observation thah Bnd 6-OHDA are capable of
releasing iron, as Befrom ferritin. This iron is therefore in the lowalence state
necessary for participation in the Fenton reactte@HDA is more effective at releasing
iron from ferritin than DA. This is thought to becansequence of the redox potential of
6-OHDA. The AdSVs from electrochemical analysis destrate that both DA and SEL
have the ability to bind B&to form a metal-ligand complex that is more difficto
reduce than Péitself. DA and SEL are therefore likely to curttie conversion of Bé

to F&*, the form of iron required for the Fenton reacti®he chelation of F& by DA
suggests that the increase in *OH production ortiaddof DA to the Fenton system
(chapter 6) is probably not due to the involvemaiE€" in the production of *OH by
the Fenton reaction. Thus, the observed effectabgbly a consequence of the reported
capacity of F& to catalyze the auto-oxidation of DA, leading tacreased *OH
production. The results of the AdSV of 6-OHDA weneonclusive since the 6-OHDA
peak interfered strongly with the peak forEd or this reason cyclic voltammetry was
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used to investigate whether there is any interadtietween F& and 6-OHDA. The CV
results provide no evidence for the formation @&@HDA-Fe(lll) complex and support
the hypothesis that 6-OHDA interacts with®F®ia an outer sphere electron transfer
reaction (Lineret al, 1996).

11.1.2 CONCLUSIONS

Several hypotheses exist which attempt to explanlass of nigrostriatal dopaminergic
neurons in PD. One theory proposes that nigral areuare selectively vulnerable to
environmental and/or endogenous neurotoxins thatecanitochondrial dysfunction. This
in turn leads to impaired energy metabolism andromal death (Orth and Schapira,
2002). Secondly, the proteolytic stress hypothasigibes the loss of nigral neurons in
PD to the toxic accumulation of misfolded and aggted proteins (McNaught and
Olanow, 2003). Lastly, the preferential loss ofrogiriatal neurons in PD has been
attributed to the highly oxidative intracellular vetonment in dopaminergic neurons
(Lotharius and Brundin, 2002).

This research project provides some evidence thaafs as an important vulnerability
factor in PD. The results of the vitro studies suggest that DA is a double-edged sword
which, on the one hand protects against the prajegaf lipid peroxidation (chapter 7),
but on the other hand enhances the generation »af toxyradicals, such as the
superoxide radical anion (chapter 5) and the exhgneytotoxic hydroxyl radical
(chapter 6). DA can also be converted to the pobentrotoxin, 6-OHDA (chapter 2),
promote the oxidation of rat brain proteins (cha@eand reduce the total GSH content
of rat brain homogenate (chapter 9). Furthermdnese properties are enhanced in
different manners by the presence of Fenton reag@ftapter 10 also demonstrates that
DA is capable of releasing iron, as?Férom ferritin. This most likely occurs via a
superoxide dependent mechanism and increases #otofr of iron available for

interacting with HO, and producing «OH.
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The increase in superoxide production by DA maybe to the ability of DA to cause
mitochondrial dysfunction by inhibiting important itschondrial complexes in the
mitochondrial electron transport chain (Glinka anoudim, 1995). DA has also been
shown to form covalent, oxidative adducts with pnos. This may be the underlying
mechanism involved in the protein oxidation indubgdDA. It has also been suggested
that DA can cross-link proteins by reaction withoteysteinyl residues (Grahaet al,
1978). This would promote protein aggregation dreformation of Lewy bodies in the
cell. One of the consequences of the decrease K B&uced by DA is that it may
indirectly stimulate lipid peroxidation by weakegirthe endogenous GSH-dependent
detoxification of HO, and other ROS (Bootst al, 2002). These findings contribute to
explain the progression of PD due to the repomedease in DA turnover in surviving
dopaminergic neurons. Tha vitro experiments with 6-OHDA demonstrate that this
neurotoxin behaves very similarly to DA. 6-OHDAhewever more effective at causing
oxidative stress (an increase in ROS productiom, irelease from ferritin, protein

oxidation and a decrease in total GSH levels thdDA.

The pro-oxidant properties of DA may be well-coiied by the endogenous antioxidant
defense systems against oxidative stress in dogaginneurons. However, problems
arise with high concentrations of DA, because & ffossibility that the resulting
oxidative stress cannot be controlled by the cpording defense systems, a fact that
may be exacerbated by exogenous LD administratiomhis hypothesis is correct,
administration of exogenous LD might lead to acegésl dopaminergic neuronal decline
in PD patients. This in turn would hasten the ereecg of wearing off effects associated
with LD therapy. Wearing off effects are attributiedreduced interdose presynaptic DA
storage capacity (Chase al, 1993; Nutt and Holford, 1996). The resultstadin vivo
studies conducted in this research project dematesthat the exogenous administration
of LD (10 mg/kg/bd for seven days) to normal (urdasd) male Wistar rats results in an
increase in striatal superoxide anion producti@wéwver studies found no evidence that
LD administration increased striatal concentratiafishydroxyl radicals. It has been
postulated that although LD is not toxic to normda@paminergic neurons in rats, LD may

be toxic to neurons in partially damaged striattman attempt to address this issue rats
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received an intrastriatal injection of ferrous itoefore they were treated with LD for one
week (seven days). Striatal samples were then salfor lipid peroxidation, protein
oxidation and GSH content. Despite the increasriatal iron levels, LD treatment was
not toxic and had no detrimental effect on lipigsoteins or GSH. LD administration
inhibited iron-induced lipid peroxidation. Thie vitro toxicity of DA therefore does not

correlate well with the apparent lack of toxicitiyld® in vivo.

This research project also demonstrates that SEE|extive MAO-B inhibitor is able to
protect against some of the pro-oxidant effectéf and 6-OHDAIn vitro and LD
treatmenin vivo. In addition to its MAO-B inhibitory activity thistudy has also shown
that SEL possesses antioxidant and metal bindiogepties. SEL inhibits the formation
of superoxide radicals induced by DA vitro and by exogenous LD administration
vivo. The results of the research also demonstrate Sk&t has the ability to inhibit
hydroxyl radical formation via Fenton chemisty aDé auto-oxidation in a cell free
environment. The decrease in hydroxyl radical gatan can therefore not be attributed
to its MAO-B inhibitory activity. SEL inhibited ine-induced lipid peroxidatiom vitro
and in vivo and combined treatment of rats with LD and SEL lteduin a more
significant decrease in iron-induced lipid peroxida than those rats treated with LD
alone. SEL did not however have any effect on mmotxidation or the loss of GSH
induced by DA, 6-OHDA or the Fenton systemvitro.

Another conclusion drawn from the research is i@t oxidation of biomolecules,
particularly lipids and proteins must proceed \iféedent mechanisms. If the oxidation of
lipids and proteins occurred via the same mecharitsen their oxidation would be
stimulated or inhibited by the same chemicals. Tikisnot the case since DA and
6-OHDA inhibit lipid peroxidation, but stimulateqtein oxidation.

Treatments aimed at preventing the death of dopangiim neurons in PD depend on a

better understanding of the mechanisms that con&atonal cell death in PD.
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11.1.3 RECOMMENDATIONS FOR FUTURE STUDIES

The short duration of LD therapy (one week) to matthe present study does not provide
sufficient evidence to draw reliable conclusionsa@rning the loss of efficacy and the
long term side effects derived from the treatmdrRarkinson’s disease with LD. Future

research needs to be conducted on the effectsrohichLD treatment (for at least 6

months) on the ability of LD to produce oxidatiteess (an increase in the production of
ROS) and oxidative damage to important biologicallenules such as lipids and

proteins.

Although the results of the current research dosnpport the hypothesis that LD is toxic
to dopaminergic neurons, additional factors needetaonsidered in the treatment of PD
with LD. The current study focuses mainly on insexh striatal iron concentrations.
However, other factors associated with PD such eaiiaed mitochondrial enzyme
complex | activity and GSH deficiency may also emse the likelihood of oxidative

stress and oxidative damage after LD therapy. Tfeeders require further investigation.

Chapter 2 demonstrated that no detectable amoByaHIDA was found in the striatum
of rats despite an increase in striatal DA and i@rels. It was postulated that rapid
scavenging of oxidized 6-OHDA by the sulfhydryl gps in GSH, albumin and other
proteins may account for the absence of striat@HBA. To confirm this explanation

further research needs to be conducted to demtmsthe presence of 6-OHDA

conjugated to protein in the striatum of rats reicgj LD treatment.

Chapter 3 demonstrates that the administrationEif ® rats results in a significant

increase in the production of NAS by the pineahdlalhe results of chapter 4 show that
this effect cannot be attributed to an inhibitioh ®HT metabolism or due to an

inhibition of NE degradation. It was postulatedttisEL may enhance the activity of

N-acetyltransferase (NAT), the enzyme responsibletlie conversion of serotonin to

NAS. Further research needs to be conducted irr tmdavestigate the effect of SEL on

the activity of NAT.
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The results of chapter 7 demonstrate that both BiAGOHDA inhibit lipid peroxidation
induced by the Fenton systemvitro. Some researchers have attributed this to thiyabil
of these compounds to either scavenge free radicddsnd iron. However, the ability of
DA and 6-OHDA to enhance *OH production under samiéxperimental conditions
contradicts this hypothesis. Another area for fituesearch would therefore be an
investigation into the mechanism by which thesentgyénhibit lipid peroxidation. LD
administration also reduces iron-induced lipid pedation in vivo. The mechanism

through which this inhibition is achieved shouldibyeestigated further.

Further research should be conducted to confirmtivenghe quinone oxidation products
of DA and 6-OHDA or the oxygen free radicals fornshating their auto-oxidation are
involved in the protein oxidation and loss of td&®$H induced by these compounds. The
effect of DA and 6-OHDA on specific proteins, e.gsynuclein requires further

investigation.
Chapter 10 shows that SEL possesses iron bindmgepres. The effect of iron binding

by SEL on the MAO-B inhibitory activity of this cgmound is another avenue for future

research.
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APPENDIX ONE

Housing of Animals

All the work involving the use of animals was apg@d by the Rhodes University animal
ethics committee. Adult male rats of the Wistaaisir weighing between 250-300g were
used throughout the study. The animals were puechtem the South African Institute
for Medical Research (Johannesburg, South AfriBats were housed in a controlled
environment with a 12 hour light:dark cycle, andrevegiven access to standard
laboratory food and watexd libitum The animal room was windowless with automatic
temperature and lighting controls. The temperatirthe animal room was maintained
between 20 °C and 25 °C while an extractor fanredstine constant removal of stale air.
The cages were cleaned daily.
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APPENDIX TWO

Sacrificing and dissection of the animals

Rats were sacrificed swifly by cervical dislocatiand rapidly decapitated. To remove
the brain, the top of the skull was removed andlfren was exposed by making an
incision through the bone on either side of theigmaal suture, from the foramen
magnum to near the orbit. The calvarium was rempeg&gdosing the brain, which was
easily removed for use in experiments. The braieseweither used immediately or stored

at -70 °C until used.

When necessary, the striatum was dissected outdemin hemisphere of the whole brain,

rapidly frozen in liquid nitrogen and stored at fDuntil used.
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APPENDIX THREE
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APPENDIX FOUR
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APPENDIX FIVE
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APPENDIX SIX
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